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Abstract 
Diesel engine combustion has been studied during the last decades by researchers in terms of 
improving the performance of the engine. In order to improve the analysis of the diesel 
engine combustion, dimensionless parameters were used in this study. It was concluded that 
the newly introduced dimensionless parameters developed in this study facilitate 
understanding of diesel engine combustion process. 
A new method has been proposed to determine the values of the form factor (m) and 
efficiency factors (a) of the Wiebe equation. This is achieved by developing a modified form 
of Wiebe equation with only one constant. The modified version of Wiebe equation facilitates 
the determination of constants accurately, which enhances the accuracy of evaluating the 
burn fraction. The error induced on the burn fraction f with respect to the values of constants 
a and m obtained through different methods is discussed and compared. The form factor 
affects the burn fraction significantly compared to the efficiency factor. A new non-
dimensional parameter ‘combustion burn factor (Ci)’ has been identified in the modified 
Wiebe equation. The burn fraction f was found to be a function of Ci only, thus the benefits of 
expressing heat release rate with respect to Ci have been presented.  
The errors associated with the determination of apparent heat release rate (AHRR) and the 
cumulative heat release (Cum.Hrr) from the measured cylinder pressure data and the assumed 
specific heat ratio (γ) was determined and compared. The γ affected the calculated AHRR 
more than the cylinder pressure. Overestimation of γ resulted in an underestimation of the 
peak value of the AHRR and vice versa, this occurred without any shift in the combustion 
phasing. A new methodology has been proposed to determine the instantaneous and mean 
value of γ for a given combustion. A two litre Ford puma Zetec diesel engine, four cylinder 
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and 16 valves was employed to carry out this investigation. This new methodology has been 
applied to determine γ for a wide range of injection pressure (800 bar to 1200 bar), injection 
timing (9 deg BTDC to -2 deg BTDC) and engine loads at 2.7 BMEP and 5 BMEP. Standard 
ultra-low sulphur diesel fuel and two bio-diesels (Rapeseed Methyl Ester and Jatropha 
Methyl Ester) were studied in this investigation. 
Ignition delay is one the most important parameter that characterises the combustion and 
performance of diesel engines. The relation between ignition delay and combustion 
performance in terms of efficiency and emission was revealed by researchers. Ignition delay 
period measurements in diesel engine combustion along with the most used correlation for 
calculating ignition delay are discussed in this work. The effect of constants on accuracy in 
the correlation were discussed, and induced error on calculated ignition delay periods with 
respect to constants were calculated and compared. New techniques were proposed to 
calculate the constant values directly by using the experimental data. It was found that the 
calculated values for ignition delay using the new techniques matched well with the 
experimental data. These techniques can improve the accuracy of the ignition delay 
correlation. Also a new correlation without any constants was introduced in this work. This 
correlation can be used to predict ignition delay directly by using engine parameters only. 
The introduced correlation provides better results compared to Arrhenius type correlation 
presented by Wolfer.  This new correlation can be used for feedback control engine 
combustion process. 
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Abbreviations 
AHRR Apparent heat release rate 
ATC After top dead centre 
Bdc bottom dead centre 
BMEP Break mean effective pressure 
BP Brake Power fraction  
BTDC Before top dead centre 
CI Compression Ignition 
CN Cetane number 
CVC Constant volume combustion 
DI Direct Injection  
ECU Electronic Control Unit  
EGR Exhaust Gas Recirculation  
EMS Electro Mobility Spectrometer  
fps Frame per second 
HRTEM High Resolution Transmission Electron Microscopy  
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ICE Internal Combustion Engine 
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LDA Laser Doppler Anemometry  
LHV lower heating value  
LIF Laser Induced Fluorescence  
LRS Laser Rayleigh Scattering  
PAHs Polycyclic Aromatic Hydrocarbons  
PIV Particle Imaging Velocimetry  
PLIF Planar Laser-Induced Fluorescence  
PM Particulate Matter 
RCM Rapid Compression Machines  
RME Rapeseed Methyl Ester  
SI Spark Ignition 
SRS Spontaneous Raman Scattering  
Tdc top dead centre 
TEM Transmission Electron Microscopy  
UHC Unburned Hydro Carbon  
ULSD Ultra Low Sulfur Diesel 
UV Ultra Violet  
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Nomenclature 
Ci Combustion burn factor - 
a Efficiency factor - 
a(ac)  Actual value of efficiency factor - 
CO2 Carbon dioxide - 
Cp Specific heat at constant pressure J/kg.K 
Cum.Hrr cumulative heat release  J 
Cv Specific heat at constant volume J/kg.K 
e Napier's constant (e ≈2.718) - 
E Error function J/deg 
EA  Apparent activation energy  - 
Emax Maximum absolute error value J/deg 
f Burn fraction - 
hi  Specific enthalpy J/kg 
ID Ignition delay msec 
m mass, polytropic index, Form factor Kg,-,- 
m(ac) Actual value of m - 
m(f) The value of polytropic index obtained by curve fitting procedure - 
m
o
 Mass rate Kg/sec 
N Number of molecules - 
Ne Number of molecules in the effective centres - 
No Number of molecules/moles of reactant at start of combustion  - 
NOx Nitrogen Oxides - 
Nu Nusselt number  - 
Q Released heat J 
R Universal gas constant (8.314) J/mol.K 
Re Reynolds number - 
RF Residual function J/deg 
SO2 Sulphur Dioxide - 
Sp Piston mean speed m/sec 
t Time msec 
T Temperature K 
Tc Temperature at start of combustion oC 
Ti Temperature at start of compression oC 
U Internal energy J 
V  Volume m3 
Vc Clearance volume m3 
Vd Swept volume  m3 
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Greek letters 
η Efficiency 
α Relative Apparent heat release rate error 
β Absolute error on Apparent heat release rate 
Δ, Π Dimensionless parameter 
Δϴ Combustion duration 
ϴ Crank angle 
θ50 Location of centre of combustion 
θmax The crank angle where AHRR/ω reaches to its maximum value 
ϴo Crank angle at start of combustion 
ρ Density of effective centres  
ρr Relative density of the effective centres  
τ Ignition delay 
ϒ Heat capacities ratio 
φ Equivalence ratio 
ω Crank shaft angular velocity, Burn rate 
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Chapter 1 
Introduction 
 
1.1 Introduction 
The present work was undertaken at Brunel University as a part of project sponsored by 
UKIERI (United Kingdom-India Education Research Initiative) and School of Engineering 
and Design at Brunel University.  
Dimensionless parameters are widely used in different fields of science. Reynolds number 
(Re) in fluids and Nusselt number (Nu) in heat transfer are good examples for the 
dimensionless parameters. Dimensionless parameters can help to improve combustion 
analysis in terms of saving time and extracting more results from the collected data. Also 
dimensionless parameters can provide valuable results by considering combination effects of 
parameters. These results could not be achieved if the parameters were studied individually. 
In this work dimensionless parameters were used to improve engine combustion analysis and 
proposing a modified form of Wiebe equation. A new technique was proposed to calculate an 
accurate value for Heat capacities ratio. Also a new correlation was proposed to calculate 
ignition delay by using dimensionless parameters. 
To demonstrate the results a four cylinder 2 litre Ford Puma Zetec 16 valves High Speed 
Direct Injection (HSDI) diesel engine was employed to carry out the measurements. Standard 
ultra-low sulphur diesel (ULSD), and two bio-diesels, Rapeseed Methyl Ester (RME), 
Jatropha Methyl Ester (JME) were used in this investigation. The fuel specifications for 
diesel, RME and JME can be found in Appendix 1. 
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1.2. Vehicle Market Analysis 
Due to the advantages of Internal Combustion Engines, the number of cars has increased over 
the last decades. According to the report by Eurostat [1], the statistical office of the European 
Union situated in Luxembourg, the number of cars in the European countries has increased 
significantly since 1991.  Figure 1.1 indicates the number of cars on the road for 18 counties 
in Europe. Similar results are available for the rest of European countries.  
 
Figure (1.1): Number of the cars on the road in some European countries in 2011. 
Figure (1.1) and the statistical study of number of the cars in Europe shows that since 1991 to 
2011 the number of cars has increased almost linearly and relatively with a similar large 
slope for all countries in Europe. Figure 1.2 indicates the number of cars per 1000 inhabitants 
for The Netherlands, Poland, Czech Republic, Germany, Spain, Italy and United Kingdom 
during 1991 to 2011. According to this figure the number of cars in Europe has continuously 
increased up to 75% for Czech Republic during the last two decades and it is expected to 
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increase in the next decades too. Similar statistical data are available for the other countries 
around the world.   
 
Figure (1.2): Number of passenger cars per 1000 inhabitants (to 2011). 
Due to serious damage on health and environment by engine combustion products, improving 
the combustion efficiency in terms of fuel economy and combustion emission has become 
more important than ever. This issue is considered as the main challenge facing the engine 
research community. It is evident that the large number of cars has a considerable potential to 
increase the air pollution as well as noise pollution in the European countries. This fact 
clearly indicates that it is vital to establish an operative and efficient procedure to control the 
dramatic growth of pollutants in terms of quantity and quality all over the world. The 
significant increase in the number of cars not only in Europe but also in all countries across 
the world proves the importance of environmental impact of emission, produced by this 
growing number of cars on human health and environment. 
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In order to control the harmful effects of engine combustion, automotive companies were 
forced to follow the issued standards by European Union emission standards (Euro 1 to Euro 
6). Since 1992 when European Union suggested the first norm as Euro 1, PM was regulated. 
Euro 2 was issued in 1996 and new regulation was set for PM. In 2003 the Euro 3 was issued 
to set limits for PM and NOx jointly for the first time and it was followed by Euro 4,5 and 6. 
As shown in figure 1.3 , Euro 6 is in force since the beginning of 2014. 
 
Figure (1.3): European Union emission standards for PM and NOx for engine. 
 
1.3. Internal combustion engines 
The internal combustion engine is a heat engine in which the chemical energy of the fuel in 
form of heat is transformed to mechanical energy. This transformation occurs in combustion 
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of a fuel and an oxidizer in a combustion chamber (high temperature and pressure air 
compressed in the cylinder). In an internal combustion engine (ICE), direct force is applied to 
some mechanical components (usually pistons, blades, nozzles or turbines) leading to the 
rising temperature and pressure of working fluid. The applied force moves some mechanical 
parts and this movement transforms chemical energy to useful mechanical energy. Internal 
combustion engines have mostly been used for mobile vehicles due to their excellent power 
to weight ratio. There are many types of internal combustion engine used in different 
industries and they can be classified based on their main features [2,3]. These features 
determine the application of diesel engines and allow the comparison of one engine with 
another within the same group. Generally all diesel engines can be classified based on the 
following  criteria [4]: 
1. Realization of working cycle:  
 four-stroke diesel engines if working cycle requires four piston strokes  
 two-stroke diesel engine if working cycle requires two piston strokes. 
2. Application:  
 ship diesel engines  
 Industrial and stationary diesel engines (diesel generators, diesel compressors, 
etc.) 
  locomotive diesel engines 
 on-road (trucks)  
 off road (tractors) diesel engines 
3. Charging of the cylinders with air:  
 naturally aspirated diesel engines (piston sucks the fresh air into the cylinder 
during its downward motion)  
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 turbocharged diesel engines ( air compressor charges the cylinders with fresh 
air to increase the diesel engine power) 
4. Design: 
 in-line arrangement of the cylinders 
 V arrangement of the cylinders (as a star) 
 trunk-piston diesel engines in which pistons are joined to the connected rod by 
means of floating piston pin and lower eye of connected rod joint to the 
crankshaft 
 single-acting diesel engine in which the working process in the cylinder starts 
from one side of the piston 
 double-acting diesel engines in which each cylinder consists of the upper and 
lower working chambers around the piston and diesel engines with opposed 
pistons in which each cylinder consists of two pistons that act in opposite 
directions.  
5. Crank speed:  
 slow-speed diesel engines with crankshaft speed <240 rpm 
 medium-speed diesel engines with crankshaft speed 240 through 750 rpm 
 high speed diesel engines with crankshaft speed 750 through 2500 rpm. 
6. Piston speed:  
 diesel engines with slow piston speed if piston speed is <6.5 m/sec 
 diesel engines with medium piston speed if piston is 6.5 through 9 m/sec  
 diesel engines with high piston speed if piston speed is >9 m/sec. 
7. Direction of crankshaft rotation:  
 counter clock wise direction of crankshaft rotation  
 clockwise direction of crankshaft rotation   
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 diesel engines that allow the reversal of the direction of crankshaft rotation. 
8. Utilized fuel:  
 diesel engines with utilization of light liquid fuels,  
 diesel engines with utilization of heavy liquid fuels,  
 diesel engines with utilization of natural gas   
 multi fuel diesel engines that utilize various fuels 
9. Fuel-air mixture:  
 direct fuel injection in the cylinders,  
 indirect fuel injection into special chambers  
 fuel injection in the piston bowls. 
 
Figure (1.4): Rolls Royce gas turbine internal combustion engine. Type: MT30. 
http://worldmaritimenews.com/archives/59507/rolls-royce-to-power-south-korea-navys-
frigate-with-mt30-gas-turbine/. 03.09.2014 
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Figure (1.5): An internal combustion engine used in passenger car. Engine type: Mazda 
skyactiv D Engine1. 
http://wot.motortrend.com/thread-of-the-day-are-diesel-engined-passenger-cars-overhyped-
319713.html/2014-mazda6-cockpit-6/. 03.09.2014 
Figure 1.4 and figure 1.5 indicate two types of internal combustion engines. 
Otto cycle and Diesel cycle engines are the two main types of internal combustion engines. 
Otto (1832-1891) developed the first spark-ignition (SI) engine in 1876. This engine is also 
called petrol or gasoline engine and uses a spark to ignite the fuel inside the combustion 
chamber [5]. 
Later Rudolf Diesel (1858 – 1913) introduced a new type of internal combustion engine 
called compression ignition (CI) engine in 1892. This engine is known as diesel engine [6]. 
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Diesel used the generated heat of compressed air inside the combustion chamber to ignite the 
fuel which is injected to the chamber almost at end of compression. Components of a typical 
spark ignition engine and compression ignition engine are shown in figures 1.6 and 1.7 
respectively. 
 
Figure (1.6):  A typical spark ignition engine. 
 
 
Figure (1.7): A typical compression ignition engine. 
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Many investigations were carried out to improve the efficiency of internal engines in terms of 
fuel economy, noise performance, durability and emission performance. As a result of these 
investigations, the efficiency of engines were enhanced significantly during the last decades.  
1.3.1. Otto engine 
This type of engine follows the Otto cycle which is known as spark-ignition internal 
combustion engine. Figure 1.8 shows the Otto cycle on the pv diagram [7]. 
 
Figure (1.8): Otto cycle. 
Process 1-2 is an isentropic compression of the air as the piston moves from bottom dead 
centre (BDC) to the top dead centre (TDC). Heat is then added at a constant volume while the 
piston is momentarily at rest at TDC. This process corresponds to the ignition of the fuel-air 
mixture by the spark and the subsequent burning in the engine. Process 3-4 is an isentropic 
expansion and process 4-1 is the rejection of heat from the air while the piston is at BDC. The 
thermal efficiency ( th ) of this cycle can be calculated by equation (1.1). 
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Equation (1.1) can be written in terms of compression ratio r. 
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r  and  is specific heat capacities ratio. 
 
1.3.2. Diesel engine 
Diesel engine follows the standard diesel cycle and is known as compression ignition engine. 
In this cycle the heat is transferred to the working fluid at a constant pressure. This process 
corresponds to injection and burning of the fuel in the engine. Diesel cycle is shown in figure 
1.9 . 
 
Figure (1.9): Diesel cycle. 
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Since the gas is expanding during the heat addition in the diesel cycle the heat transfer must 
be just sufficient to maintain a constant pressure. At state 3, the heat addition ceases and the 
gas undergoes an isentropic expansion, process 3-4, until the piston reaches the Bottom dead 
center (BDC). As in the Otto cycle, a constant volume rejection of heat at BDC replaces the 
exhaust and intake processes of the engine. The efficiency of the diesel engine can be 
calculated by equation (1.3). 
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Where Cv and Cp are heat capacities at constant volume and constant pressure respectively. 
It is important to note that the isentropic compression ratio is greater in the diesel cycle 
compared to the isentropic expansion ratio in Otto cycle. 
 
1.3.3. Engine operating cycles 
As mentioned at beginning of this chapter internal combustion engines can be classified as 
two and four stroke types in terms of realization of working cycle. For each engine cylinder 
the four stroke cycle requires require two crank shaft revolutions for each power stroke. To 
obtain a higher power output from a given engine size and a simpler valve design, the two 
stroke cycle was developed. The two stroke cycle is applicable to both SI and CI engines. 
The present research addresses diesel engines, as a four stroke cycle engine, reciprocating 
internal combustion in which the piston moves back and forth in a cylinder and transmits 
power through crank mechanism and rod to the drive shaft (figure 1.10). 
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Figure (1.10): Basic geometry of the reciprocating Diesel combustion engine. 
http://homeaudi.com/the-internal-combustion-engine/ 03.09.2014. 
The steady rotation of the crank produces a cyclical piston motion. The piston comes to rest 
at TDC and BDC positions when the cylinder volume is at minimum and maximum level, 
respectively. The minimum cylinder volume is called the clearance volume (Vc). The 
difference between the maximum cylinder volume and minimum cylinder volume is the 
volume swept out by the piston denoted by Vd. Finally the ratio of maximum volume to 
clearance volume is called compression ratio r. The typical values of r are 8 to 12 for SI 
engines and 12 to 24 for CI engines. 
The majority of reciprocating engines operate on what is known as the four stroke cycle. 
Each cylinder requires four strokes of its piston and two revolutions of the crankshaft to 
complete the sequence of events which produces one power stroke. Both SI and CI engines 
can use this cycle which is shown schematically in figure 1.11 . 
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Figure (1.11): the four stroke operating cycle 
The four stroke operating cycle includes the following steps: 
1. An intake stroke, which starts with the piston at TDC and ends with the piston at 
BDC, which draws fresh air in CI engines and air-fuel mixture in SI engines into the 
cylinder. To increase the mass inducted, the inlet valve opens shortly before the stroke 
starts and closes after ends. 
2. A compression stroke, when both valves are closed and the gas inside the cylinder is 
compressed to a small fraction of its initial volume. Injector sprays high pressure fuel 
into cylinder just before TDC and the heat produced by compressed gas starts the 
combustion. In SI engines a spark plug ignites the compressed air-fuel mixture about 
TDC. In result of the produced heat the temperature and pressure rises rapidly inside 
the cylinder. 
3.  A power stroke, (or expansion stroke), that starts with the piston at TDC and ends at 
BDC as the high-temperature, high-pressure, gases push the piston down and force the 
crank to rotate. During the power stroke, the force on the piston is about five times the 
force during compression. As the piston approaches BDC the exhaust valve opens to 
initiate the exhaust process and drop the cylinder pressure to close to the exhaust 
pressure. 
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4. An exhaust stroke, where the remaining burned gases exit the cylinder, because firstly 
the cylinder pressure may be substantially higher than the exhaust pressure and 
secondly they are swept out by the piston as it moves toward TDC. As the piston 
approaches TDC, the inlet valve opens. Just after TDC, the exhaust valve closes and 
the cycle starts again. 
 
1.3.4. Diesel engine Advantages  
Diesel engines are usually preferred to gasoline engines due to their higher efficiency and 
reliability. 
The main advantages of diesel engines compared to petrol engines are: 
 Diesel engine life time is considerably longer in comparison with a petrol engine. It 
also has lower maintenance costs. 
 Due to a higher compression ratio compared to petrol engine, diesel engines provide 
higher thermal efficiency and higher torque.  
 Lower fuel consumption. 
 In terms of flammability, diesel engine is considered a safer engine because diesel 
fuel is safer than gasoline. 
 Absence of high voltage wires and electrical ignition system, results in a safer and 
simpler system with no noise emission which can cause interference with 
communication and navigation systems. 
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1.3.5. Diesel engine disadvantages 
According to evidence in the literature, diesel engine is substantially responsible for air 
pollution as well as noise pollution [8] as diesel engines are an important source of particulate 
emission. In fact product of combustion in diesel engine is a complex mixture of pollutants in 
gas and particulate form. Investigations on diesel engine combustion show that about 0.2 to 
0.5 percent of the fuel mass is emitted as small (~0.1 μm diameter) particles [3]. Previous 
studies have revealed that particulate matter (PM) and NOx are the most important negative 
environmental impact of diesel engines [9]. 
Nitrogen oxide emissions contribute to environmental problems such as acid rain and ground-
level ozone. This reaction happens when Nitrogen dioxide reacts with water existing in air in 
the form of moisture (2NO2+H2O→HNO2+HNO3). Eventually Nitric acid forms in result of 
decomposition of the produced Nitrous acid (3HNO2→HNO3+2NO+H2O). Since diesel 
particulates are released at levels that result in direct exposure; they can be especially harmful 
to human health and environment. There are two main categories of particulate matter: 
primary and secondary particulates. Primary particulates are formed during the fuel 
combustion process in the engine, and are released as exhaust from the tailpipe. Primary 
particulate includes soot, the soluble organic fraction which contains polycyclic aromatic 
hydrocarbons (PAHs), and sulphate. Secondary particulates are formed when sulphur dioxide 
(SO2) emissions from diesel exhaust are converted to sulphate particulate in the atmosphere 
[10]. 
In order to achieve a cleaner diesel engine, many new techniques have been introduced by 
researchers to reduce harmful effect of Particulate matter (PM) and NOx emmision from 
diesel engine [3,7].  High pressure common rail fuel injection system, different injection 
strategy [1,4-6,8,11], exhaust gas recirculation (EGR), boosting, and exhaust gas after 
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treatment [12-15] are the main strategies that are widely used by diesel engine manufacturers. 
Parallel to engine equipment improvements, it was revealed that the physical and chemical 
properties of fuel have an important impact on performance of diesel engine combustion. 
Therefore, bio-diesels were considered as an alternative source for fossil based diesel fuel. 
Studies in recent years have shown that regulated diesel engine emission can be reduced 
significantly by bio-fuels as well as unregulated diesel engine emmission [10,16-19].  
In order to meet diesel engine emission standards, diesel engine combustion phenomena 
should be understood and analysed completely by diesel engine designers. Many research 
teams around the world have been studying the engine combustion mechanisms and 
identifying the process which leads to emission production. This information guides engine 
manufactures and designers to meet increasingly stringent emission regulation.  
 
1.4.Lay out of dissertation 
In this dissertation: 
Chapter 2, Literature Review, contains literature review and previous study in regard to 
Wiebe equation, Heat release analysis and ignition delay. 
 
Chapter 3, Theoretical methodology, contains the methods which were used in this study for 
Apparent heat release rate and In cylinder temperature along with their derivations. 
 
Chapter 4, Experimental set up, contains the specifications of the engine and the 
measurement equipment which were used to carry out the experiments in this research. 
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Chapter 5, Characterising Wiebe Equation for Heat Release Analysis based on Combustion 
Burn Factor (Ci), introduces a new dimensionless parameter called Combustion burn factor 
(Ci) and discuss the benefits of using this parameter in heat release analysis and also presents 
a modified version of Wiebe equation and compares with original form of Wiebe equation. 
The benefits of using modified version of Wiebe equation in compare to original form of 
Wiebe equation were discussed. Also error calculation was carried out for modified Wiebe 
equation and original form of Wiebe equation and the results were compared [86].  
 
Chapter 6, Determination of specific heat ratio and error analysis for engine heat release 
calculations, discusses the heat release analysis importance and discuss the most important 
parameters which can affect heat release rate values. Error calculation has been carried out on 
heat release with respect to heat capacities ratio and in-cylinder pressure. A new technique is 
introduced to calculate heat capacities ratio and the results were compared to literature [138].  
 
Chapter 7, Characterising ignition delay correlation for diesel engine by using newly 
proposed analytical methods, discuss the importance of ignition delay in diesel engine 
combustion analysis and also discuss the existing correlations to calculate ignition delay. 
New analytical techniques were introduced to calculate constants for Arrhenius type 
expression, which was first proposed by Wolfer. Error calculation was carried out to 
investigate the effect of constants on ignition duration. A new correlation was developed to 
calculate ignition delay by using dimensionless parameters. This correlation has no constant 
and ignition delay duration can be calculated in terms of combustion parameters and 
enhanced the accuracy of ignition delay calculation.  
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Chapter 8, Conclusion, contains the summarised conclusion of this study along with the 
recommendation for future work.  
 
1.5 Motivation 
Internal combustion engine has been improved in terms of performance, design and structure 
significantly since it was first invented in 1876 by Otto. This type of engines has been used 
not only in passenger cars but also in heavy industry sectors. 
The increase of the oil price in last decades led the manufacturers to enhance the engine 
quality in terms of fuel efficiency. New more efficient engines, particularly in passenger cars, 
resulted in the popularity of these engines worldwide. Consequently, air quality control 
agencies expressed their concern regarding the high level of emission produced by the 
increasing number of engines. These engines also took action to control the harmful effects of 
emission on the environment and human beings. In this regard, stringent regulations were 
issued and automotive companies were forced to comply with the regulations. Moreover, 
many investigations were carried out at engine research centres to study the engine 
performance in terms of engine emission and fuel economy. These investigations were used 
by engine designers to improve the productivity as well as adherence to the new regulations. 
Following the advancement of technology, the study of engine combustion and analysing the 
combustion parameters became more and more important. Due to complication of 
combustion process, different experimental techniques were developed to study the 
combustion process. In fact, many parameters (including temperature, pressure, volume, gas 
phases, force, speed and etc.) dramatically vary during the combustion process. What makes 
this process even more complicated and difficult to analyse is that these parameter changes 
occur within a very short time. 
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The main motivation behind the present study was to improve the analytical methods to 
analyse combustion process and engine heat calculation. The objective of this research was to 
introduce new dimensionless parameters while introducing a new technique to calculate in-
cylinder gas heat capacities ratio which affects the heat calculation significantly. Another aim 
was to improve the ignition delay calculation by introducing new techniques to calculate the 
coefficients in Wolfer correlation in addition to introducing a new correlation for calculating 
the ignition delay accurately. 
 
1.6 Contribution of knowledge 
In this study: 
 New dimensionless parameters were introduced to facilitate combustion analysis and 
heat release calculations.  
 A new technique was introduced to calculate coefficients in Wiebe equation 
analytically. Also a modified version of Wiebe equation was introduced which 
contains only one constant therefore improves the accuracy of calculations. 
 A new technique was developed to calculate in-cylinder gas heat capacities ratio in 
engines. 
 New techniques were introduced to calculate coefficients in Wolfer correlation 
analytically. 
 A new correlation was developed to calculate ignition delay accurately.  
  
21 
 
Chapter 2 
Literature Review 
 
 
2.1 Engine Research 
There are number of techniques available for performing engine combustion investigation. 
Unfortunately, these techniques require expensive equipment and in some cases highly 
skilled operators. Consequently the engine research is mostly available only to institutions 
and universities equipped by sophisticated experimental facilities. 
Stationary engine, Optical technique and Transmission Electron Microscopy (TEM) are the 
main and most widely used methods in engine research field. 
 
2.1.1 Stationary engines 
Real size engines connected firmly on a strong stand to damp engine vibrations and equipped 
with number of sensors have been used by research teams extensively. An Electronic Control 
Unit (ECU) detects and analyses the signals collected by the sensors and provides the 
properties of the working fluids and combustion products as well as engine input and output. 
The sensors used in the engine are generally expensive as they should be able to withstand 
high temperature and pressures as high as combustion chamber. Figure 2.1 a and b show the 
engine control unit and four cylinder engine equipped with sensors at Brunel University 
which were used to carry out measurement for this study. 
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(b) 
Figure (2.1): (a): Multi cylinder diesel engine control unit at Brunel University (b):  Four 
cylinder engine equipped with sensors at Brunel University 
Since the engine used is in its real size, the test engine needs to be isolated from ECU due to 
high level of noise. Mostly a window separates the test engine room and ECU room. The 
experimenters can watch the test engine through the window during the measurement and use 
emergency stop button when necessary. There are many ports available to access to different 
parts of engine for sampling and also using additional probes to use different equipment at 
the same time. This equipment could be TEM sampling, Gas analyser, Electro Mobility 
spectrometer (EMS) or any other device. Figure 2.2 shows a sample of ports. 
Fuel consumption 
measurement 
burette 
Fuel heater 
Fuel selector valve 
Exhaust gas heater 
Fuel injector 
Air filter 
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Figure (2.2): Several ports at engine exhaust for gas sampling. 
The major problem in using this technique appears when several probes need to be used to carry 
out the measurements in a specific part of engine while the engine is running under extreme 
conditions. Even if the probes could be inserted to the required point, the combustion process 
would be disturbed by the number of sensors and the results yield unreliable measurements, 
therefore it needs to be considered by research team when several equipment are in use in 
experiments.  It should be also taken into consideration that the test results may be affected due to 
different heat loss characteristics of stationary engine and real engine. Since the test engine is not 
used in its real environment, its condition is not identical to the real situation in terms of heat 
exchange with environment. This issue can affect the results and needs to be considered by 
research team too. 
This technique is more available to research teams and mostly preferred to other expensive and 
complicated techniques. 
Exhaust gas 
sampling ports 
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2.1.2. Optical techniques 
Optical techniques are based on the measurement of various interactions that occur between 
light and atoms or molecules, usually resulting in the emission of an optical signal. These 
emissions depend on factors such as the state of molecules and their quantity. So the 
information about the temperature, pressure, velocity and species content can be extracted 
from the region under investigation. Due to their high spatial, temporal and spectral 
resolutions, lasers are usually the preferred light sources [10]. 
Figure 2.3 a & b show a test optical engine rig at Brunel University, which is equipped with 
one cylinder diesel engine. The engine was equipped with sensors, for measuring and 
controlling the engine torque, speed, injection parameters, in-cylinder pressure and fuel 
consumption. Details of the engine specifications are listed in table (2.1).  
 
Table (2.1): specification of optical engine 
Type Engine details 
Bore 86 mm 
Stroke 87 mm 
Swept volume 499 cm³ 
Compression ratio 16.0:1 
Swirl Ratio 1.4 
Number of 
cylinders 
1 
Type of engine CI 
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(b) 
Figure (2.3): (a): Ricardo Hydra optical diesel engine at Brunel University. (b): Control unit. 
Single-cylinder optical engines are often used to study in-cylinder flow, combustion and 
pollutant formation as part of combustion system development as well as providing validation 
data for simulation [12]. This technique helps the researchers to study auto-ignition sites, soot 
formation sites and concentration, local fuel injection properties, local temperature, local air-
fuel ratio, and local velocity accurately. Figures 2.4 a-f show the development of combustion 
in a single cylinder diesel engine for diesel fuel.  
A transparent piston head is mostly used as an access to combustion chamber by using high 
speed camera (typically about 10000 fps) to investigate in-cylinder process visually.  The 
major problem in using one cylinder engine is that the engine heat loss and gas leak are not 
identical to the real engine. This difference can cause considerable errors in measurement. 
Moreover as one cylinder engine is not mechanically balanced, the engine condition is not 
realistic compared to real engine. Due to mechanical properties of transparent materials, 
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unfortunately they cannot withstand high pressure and temperature. Consequently, it is very 
difficult to study combustion process at extreme engine operating conditions. 
Mostly one optical access is sufficient to carry out a set of experiments but in some cases it is 
needed to have more optical accesses to combustion chamber. This can be a difficult task in 
internal engines especially with IC engines. Many different attempts have been reported in 
literature to use flat transparent piston head and side windows as well as existing ports used 
for an optical access [13-15]. These optical accesses should stand for high temperature as 
high as 1200 K and high pressure as high as ~100 bars without disturbing the combustion 
process. In some cases, an optical access needs to be transparent to ultra violet (UV) light as 
well as visible light. Once the required optical accesses are fitted, the experimenter faces 
another difficult task; these optical accesses have to be kept optically clean and transparent. 
This task can be extremely difficult especially when standard diesel or alternative fuels are 
under investigation at sooty engine conditions due to occurrence of misfiring in engine which 
produces deposits on transparent surfaces and results in serious difficulties for imaging. 
It is clear that successful application of optical techniques depends on the knowledge of 
topics and fundamentals of techniques. The fundamentals of Laser Rayleigh Scattering (LRS), 
Spontaneous Raman Scattering (SRS), Laser Induced Fluorescence (LIF), Laser Doppler 
Anemometry (LDA), Particle Imaging Velocimetry (PIV) and Planar Laser-Induced 
Fluorescence (PLIF) are the main optical techniques discussed in detail in [12]. 
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Figure (2.4 a-f): Images of spray and combustion development in a single cylinder diesel 
engine using high speed camera (10000fps) for diesel fuel at engine condition:  fuel injection 
5 deg BTDC, Fuel injection pressure 1200 bar, Engine speed 1500 rpm and Fuel injection 
duration 550 µsec. The frame number is indicated on top right hand side for each image. 
Each frame number is equivalent to 10
2
 μsec. Images a-f indicate the fuel spray development, 
spray speed and location of start of combustion as well as shape of fuel sprays. 
 
2.1.3 Transmission Electron Microscopy (TEM) 
2.1.3.1 Definition 
The theory of Transmission Electron Microscopy (TEM) goes back 1927 when Hans Busch 
(1884-1973) showed the effect of electron beam on small particles theoretically. TEM and 
High Resolution Transmission Electron Microscopy (HRTEM) are commonly used to 
investigate the characteristics of individual and agglomerated particles [20-23]. The 
examination of the structure and the distribution of the carbon sheets of the primary particles 
and quantifying the primary particle size, the fractal dimension of the agglomerated particles 
provide information about reactivity and nanostructure morphology [16,24-30]. Figure 2.5 
shows a typical TEM microscope unit. 
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Figure (2.5): TEM microscope unit at National Renewable Energy Laboratory in USA.  
Morphology of the ultra-fine particles emitted by diesel engines known as diesel particulate 
matter has been studied extensively by using this technique. The appearance and evolution of 
soot particles in the cylinder has been the subject of various experimental and computational 
modelling studies [17-19,31-33]. There have also been several investigations of soot 
aggregation [34-36]. Figures 2.6 and 2.7 show images for diesel fuel and RME fuel 
respectively by using TEM microscope. 
This technique involves collecting particles by using special copper TEM grids. The grids 
collect particles by putting them in exhaust pipe for a short time (typically 0.1 to 0.8 Sec 
depending on how sooty the engine operating condition is). The 3 mm grid type S160, 300 
mesh from Agar scientific Ltd [37] is recommended for diesel particulate in [38]. This range 
of carbon films has been prepared to provide a very convenient, ready-to-use specimen 
support. Carbon films are thin and highly transparent to electrons, offering fine grain and low 
contrast that does not interfere with specimen structure. 
The source of illumination is an electron beam in this type of microscopes. The specimen is 
loaded in a vertical cylinder. Strong pumps at several stages create vacuum condition inside 
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the cylinder (about absolute pressure 10
-5
 bar inside the cylinder). In order to create electron 
beam a high accelerating voltage (about 80 kV) is applied to the system. The electron beam 
directed towards the specimen which contains the collected particles on the TEM grid. The 
electron beam passes the specimen through to the space between the nano-particles. This 
electron beam detected and analysed behind the specimen to provide an image of the particle. 
 
Figure (2.6): Image of diesel fuel particle by using TEM microscope. Engine condition: fuel 
injection 9 deg BTDC, Fuel injection pressure 800 bar, 0% EGR, Engine speed 2000 rpm at 
2.7 bar BMEP. Multi cylinder diesel engine at Brunel University. 
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Figure (2.7): Image of RME fuel particle by using TEM microscope. Engine condition: fuel 
injection 9 deg BTDC, Fuel injection pressure 800 bar, 0% EGR, Engine speed 2000 rpm at 
2.7 bar BMEP. Multi cylinder diesel engine at Brunel University. 
 
2.1.3.2 Major problems using TEM 
One of the major challenges in this technique is choosing the right acceleration voltage. 
Using high acceleration voltage creates a clear image of particle morphology. But if the 
chosen acceleration voltage is too high, the energy of electrons would be high enough to 
damage the morphology of particles consequently the image of particles would not reflect a 
true picture of the specimen morphology. The explosion of particles due to the collision of 
electron beam can be seen visually by using TEM microscope.  
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Also if the time between collecting the samples on the TEM grids and loading to TEM 
microscope is too long, the environmental conditions (mainly pressure, Temperature and 
humidity) can damage morphology of particles. Moreover the experimenters can interpret the 
results incorrectly. 
Cross contamination can be another major problem. The tools at TEM grid sampling and 
loading the specimen to TEM microscope (tweezers and grid containers) need to be properly 
cleaned for each sampling. It was found that using cloth only is not sufficient to prevent cross 
contamination. 
In addition to the above technical problems, using TEM is a costly and very time consuming 
process. Loading and unloading a single specimen to TEM microscope can take up to several 
hours; consequently many considerations need to be taken into account before choosing this 
technique.    
 
2.1.4 Analytical techniques 
It is clear that use of mathematical functions to analyse combustion performance analytically 
is extremely efficient in terms of cost and time [39]. Many computational methods and 
correlations were developed during last decades to predict combustion main properties i.e. in 
cylinder pressure and temperature, efficiency, released heat, burn rate and etc. Wiebe and 
Wolfer equations are good examples of correlations which are widely used to predict burn 
rate and ignition delay respectively.  As mentioned in previous sections sophisticated 
laboratory equipment are used to carry out engine measurements in engine combustion 
research. Since these facilities are not available for many engine research teams around the 
world therefore analytical technique is an alternative method to study engine combustion. 
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In this research Wiebe and Wolfer equations were studied analytically and the results were 
demonstrated by using experimental measurements on multi cylinder diesel engine. Using 
these results new correlations were proposed to calculate burn rate and ignition delay. 
Furthermore, the effect of heat capacities ratio on heat release analysis was investigated 
analytically and new method was proposed to calculate heat capacities ratio. 
 
2.2. Wiebe equation 
Wiebe equation is the most famous function used widely by researchers. Since this function 
is known very well by researchers in the field of diesel engine analyses the researchers have 
stopped citing the source of this function. The origin of this function has been referred in 
several forms of Wiebe, Weibe, Veibe or Viebe by German, Russian and English researchers 
in international journals. First Haywood used Wiebe in his work and this form has been 
almost the only form which is used since then. Even though Wiebe equation is well known by 
engine researchers but a little is known about the person who introduced this function. Ivan 
Ivanovitch Wiebe was a Russian engineer and scientist from the Urals of German decent 
[11].  Ivan Ivanovitch Wiebe published the details of his work related to his function when he 
was working at ‘Chilyabinsk Polytechnic Institute’ in 1952. This centre in Russia is known as 
‘South Ural State University’ now. Later he became head of International combustion 
engines department at South Ural State University and remained in his position until he 
passed away in Chilyabinsk in 1969. 
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2.2.1. Wiebe equation constants (a and m) 
It is known that the emissions from automotive engines are one of the major sources of air 
pollution that affects the human health and environment [40-46]. The emission characteristics 
of diesel engines are strongly correlated to the in-cylinder combustion processes. The engine 
combustion characteristics are mainly understood through the apparent heat release rate 
(AHRR) that is determined from the measured cylinder pressure data as a function of crank 
angle (θ) [47-50]. The burn fraction or burn rate of a combustion process are normally 
characterised using Wiebe equation (2.1), which was introduced more than 60 years ago [11].  
The Wiebe equation presents the relationship between the burn fraction (f) and the three main 
combustion parameters, viz., (i) the instant at which heat release rate becomes positive, θ₀; 
(ii) instantaneous crank angle, θ; and (iii) the duration of combustion, Δθ.  
])(exp[1 1


 moaf


       (2.1) 
The Wiebe equation relates different phases of the combustion process. The combustion 
processes are usually divided into three steps, development period (ignition delay), fast 
burning (mostly between CA10 to CA90 or sometimes between CA5 to CA95) and 
quenching period (after CA90 or CA95) [11,51]. The burn fraction )( f  is strongly dependent 
on the values of efficiency (a) and form (m) factors, so it is important to use accurate values 
for these constants. Different ranges of values have been suggested in the literature for a and 
m values, the value for a has been chosen arbitrarily without any physical reasoning, in most 
of the work the value of a is 5 [2,52-56] or 6.908 [57-60]. According to [2,61], the values for 
a and m are 5 and 2 respectively. Since Wiebe equation contains two constants, an 
assumption is often made with one of the constants, while the other constant is derived. 
Johansson et al. [54] has set a value of 5 for a, and the constant m was determined by fitting a 
39 
 
non-linear least square function between the experimentally determined cumulative heat 
release rate and the burn fraction of Wiebe equation, through this procedure a value of m = 
4.29 was determined. Ravaglioli et al. [55] has set the values for constants as 5a and m = 
1.4. In another published work, Rajkumar et al. [56] has used a value of 5a and m = 1.1. 
Cesario et al. [59] have discussed two set of values for a and m; for high speed combustion 
the value of a = 6.908 and m = 0.5 was used; and for moderate speed combustion the value of 
a = 6.908 and m = 2.5 was used in diesel engines. Assuming the values for the two constants 
a and m; or by assuming a value for either one of the constants a or m can cause error while 
predicting the burn fraction using the Wiebe equation [62]. Varying the values of a and m 
changes the predicted shape of the burn fraction significantly as these factors are placed 
within the exponential term of Wiebe equation [2]. Yasar et al. [63] studied the effects of 
varying the values of m from 0.1 to 10 and have shown that the burn fraction f depends 
mostly on m value, therefore the values for the constants in the Wiebe equation needs to be 
calculated accurately. An analytical method has been proposed in chapter 5 to calculate the 
accurate value of a and m. 
 
2.2.2. Derivation of Wiebe equation 
During the combustion some parts of fuel do not participate in the combustion process and 
leave the combustion chamber without oxidation. This product of combustion is unwanted 
and called Unburned Hydro Carbon (UHC). Reducing the level of UHC in diesel engines in 
order to improve the fuel economy and also emission efficiency is one of the major 
challenges for diesel engine researchers. UHC forms ineffective centres in combustion 
chamber and it is proportional to combustion inefficiency. On the other hand the parts of fuel 
which participate in the combustion process by oxidation, form effective centres which are 
the main part of combustion and generate heat in the engine during the combustion process. 
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For ideal combustion the number of molecules in effective centres is equal to total number of 
molecules in fuel. And in differential form at the time of t the equation (2.2) is expressing this 
relation. 
  )()(
dt
dNe
dt
dN
          (2.2) 
Where N is the total number of molecules in fuel and Ne is the number of molecules in the 
effective centres respectively. Equation (2.2) can be written for a real combustion where 
some molecules do not participate in combustion process in the form of equation (2.3) which 
contains coefficient n.  
)()(
dt
dNe
n
dt
dN
          (2.3) 
The density of effective centres defines as the ratio of number of molecules in effective 
centres and total number of molecules in the fuel and can be calculated by equation (2.4). 
N
Ne            (2.4) 
 
The parameter ρr is defined by equation (2.5) and called relative density of the effective 
centres. 
N
dt
dNe
r
)(
          (2.5) 
Equation (2.6) determined by replacing equation (2.5) in equation (2.3). 
dtn
N
dN
r           (2.6) 
Integrating both sides of equation (2.6) results in equation (2.7). 

t
r
o
dtn
N
N
0
ln           (2.7) 
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Where No is the number of molecules/moles of reactant at beginning of combustion and N is 
the number of molecules/moles of reactant at time t. Equation (2.7) can be rewritten as 
equation (2.8). 



t
r dtn
oeNN
0

          (2.8) 
Combustion burn fraction is defined by equation (2.9) and denoted by the notation f.  
o
o
N
NN
f

           (2.9) 
Substitution of equation (2.9) in equation (2.8) results in equation (2.10). 

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ef 01
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          (2.10) 
The relative density of the effective centres can be expressed by equation (2.11). 
m
r tK1            (2.11) 
Where K1 and m are constants and t is the time. Substitution of ρr in equation (2.10) results in 
equation (2.12). 

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ef 0
1
1          (2.12) 
By considering K=nK1 equation (2.12) can be rewritten as equation (2.13). 


t
mdtKt
ef 01          (2.13) 
By integrating equation (2.13) f can be expressed in the form of equation (2.14). 
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Equation (2.14) expresses relation between f and t for the combustion period. K and m are 
two constants which can be obtained analytically or by fitting the experimental data (these 
concepts will be discussed in chapter 5. Equation (2.14) can be written for the end of 
combustion where f=fd and corresponding time will be denoted by td. 
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Similarly equation (2.14) was rearranged and resulted in equation (2.16). 
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Equations (2.17) is obtained by taking natural logarithm of both sides of equations (2.15) and 
(2.16) and dividing equation (2.15) by equation (2.16). 
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The Efficiency factor denoted by a and defind as )1ln( dfa  . According to definition of 
a, the Efficiency factor is the function of fd only. Replacing the value of a in equation (2.17) 
results in general form of Wiebe equation in terms of t. 
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If the time is measured from start of combustion where t=to, Wiebe equation can be written 
as: 
1)(
1
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Where to is the time of start of combustion. Wiebe equation also can be expressed in terms of 
crank angle degree which is a more useful form of Wiebe equation in comparison to equation 
(2.19). The crank angle degree θ at any instant is linearly related to t as follows: 
t             (2.20) 
Where ω is the crank shaft angular velocity. Similarly oo t  and dd t  . The crank angle 
corresponding to the start of combustion is denoted as θₒ. By replacing the values of t,to and td 
Wiebe equation can be expressed in the form of equation (2.21). 
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Figure 2.8 shows the relation between a and fd. According to this figure the value of a 
depends on value of fd which is considered for the end of combustion. In some works, CA90 
was considered for the end of combustion (corresponding to fd=0.9) and in some others CA95 
and CA99 were considered. According to this figure a is a positive value varies between 
2.303 and 6.908 corresponding to fd =0.9 and 0.999 respectively. Also considering higher fd 
results in higher a. The values of a varies significantly in the range of fd>0.98. The effect of a 
on calculation of f will be discussed in chapter 5. 
 
 
Figure (2.8): Variation of efficiency factor (a) against Burn fraction at end of combustion (fd). 
 
The constans a and m of Wiebe equation can affect the value of f significantly. Figures 2.20 
and 2.21 present the variation of f with respect to variation of a and m respectively. 
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Figure (2.20): Variation of Burn fraction (f) with respect to a. 
 
 
Figure (2.10): Variation of Burn fraction (f) with respect to m. 
 
According to figures 2.9 and 2.10 the variation of m can affect f significantly more in 
comparison to a. The variation of f with respect to a and m will be discussed and compared in 
chapter 5. 
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The parameter called Burn rate, denoted by ω, can be calculated by using equation (2.19).  
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Similarly, ω can be calculated in terms of crank angle by differentiating equation (2.21). 
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The location of the instant which corresponds to maximum ω can be calculated by 
differentiation ω and equating to zero. 
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By solving equation (2.24), the time corresponding to maximum ω can be obtained. 
2Kttt dom            (2.25) 
Where 
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a and m in equation (2.26) are constants. According to this equation there is always one value 
for tm and the value of tm is dependent on to and td. The difference between to and td is called 
combustion duration, consequently the value of tm is related to combustion duration linearly. 
Similar results can be obtained by solving the equation (2.23) in terms of θ. 
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Kdom             (2.28) 
Figure 2.11 indicates the location of θm corresponding to different values of m. 
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Figure (2.11): Variation of Burn rate (ω) with respect to Form factor (m) at Δθ=36 and 
a=4.61. 
 
By replacing the value of tm from equations (2.28) and value of K2 from equation (2.29) in 
equation (2.22), the corresponding Burn fraction fm can be calculated. 
11 
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 m
m
m ef            (2.29) 
According to equation (2.29), the value of fm is a function of m only and it is not affected by 
value of a.  
 
2.2.3. Forms of Wiebe equation 
Depending upon the type of analysis, Wiebe equation can be used in several forms. Equation 
(2.21) is known as original form of Wiebe equation.  But Wiebe equation can be expressed in 
different forms depending on the nature of study. Equation (2.30) is the Wiebe equation 
which is expressed in terms of fm by using equation (2.29). 
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Where e is Napier's constant (e ≈2.718). Equation (2.30) has been obtained by eliminating m 
in equation (2.29) and fm was replaced in original Wiebe equation.  
Similarly equation (2.28) can be used to eliminate Δθ in equation (2.21). Equation (2.31) 
results in by replacing Δθ in terms of θm. 
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Where K2 has been defined as 1
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Wiebe equation can also be expressed in terms of location of centre of combustion (θ50). It 
was found that the location of θ50 can provide valuable information about the combustion 
performances in terms of emission and heat release. A new methodology is presented to 
calculate Heat capacities ratio (ϒ) by using the location of θ50 in chapter 6. Equation (2.32) 
expressed Wiebe equation in terms of θ50 . Where 
o
o
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




50
and θo is the crank angle 
corresponding to the start of combustion. The derivation of Wiebe equation in terms of θ50 
along with the benefits of expressing Wiebe equation in terms of θ50 will be discussed in 
chapter 5. 
])5.0exp[(ln1
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m
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2.2.4. Applications of Wiebe equation 
Wiebe mentioned in his presentation in 1954 that his equation was applicable for both CI and 
SI engines. Since then, many researchers have used Wiebe equation to express Burn rate for 
direct and indirect injection. Shipinski et al. used Wiebe equation to express heat release rate 
in a direct injection diesel engine [64] as follows: 
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mLHVAhrr o.).(         (2.33) 
Where LHV is the lower heating value of the fuel in kJ/kg and m
o
 is the mass of injected fuel 
in a cycle in kg. Equation (2.34) presents the value of 
d
df
which is calculated by 
differentiating equation (2.21) respect to θ. 
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Equation (2.35) expresses AHRR in terms of a and m and combustion parameters (θ, θo, Δθ,). 
Equation (2.35) results by replacing the value of 
d
df
from equation (2.34) in equation (2.33). 
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If the combustion duration is considered CA5 to CA95, equation (2.35) can be rewritten as 
equation (2.36). 
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Where a=3 is considered in equation (2.36). 
Equation (2.35) can be used to calculate location of the crank angle which is corresponding to 
maximum AHRR . This point denoted with max and it can be found as follows: 
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Equation (2.38) indicates that location of max is proportional to  . The value of 
1
1
]
)1(
[ 

m
ma
m
is a positive value consequently a longer combustion duration results in larger
max . Equation (2.37) can be solved in terms of m and results in equation (2.39). 
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Equation (2.39) is an implicit equation with respect to m. In heat release analysis, the value of 
max , o and  can be calculated by using in-cylinder pressure data, so by assuming the 
value of a ,value of m can be calculated. 
 
2.3.Heat capacities ratio (γ) 
Investigations in the field of internal combustion engines have revealed that diesel engine is 
responsible for number of environment issues which are affecting human life significantly 
[65-69]. In order to reduce the harmful effect of diesel engine combustion, new strategies 
were employed by engine manufacturers. Particularly fuel injection strategy has been 
improved significantly during the last decade. Using high injection pressure as high as 300 
bars along using common rail system resulted in remarkable achievements [70-75]. In 
addition to fuel injection strategy using Diesel Particulate Filter (DPF) and catalysts to 
remove particles in exhaust along with EGR and boosting are other developed solutions by 
automotive companies to meet the emission regulations [76-80]. In terms of fuel chemical 
structure, new fuels with high oxygen content and fuel additives were introduced by fuel 
companies which resulted in improving diesel engine performance significantly [81-85]. The 
engine exhaust emission characteristics are strongly correlated to the in-cylinder combustion 
processes. The combustion characteristics in engines are mainly understood through the 
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apparent heat release rate (AHRR) that was determined from the first law of thermodynamics 
[3]. The AHRR model without heat exchange to cylinder walls is shown in equation (2.40).  
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Where Q  is the total released heat in J and  is the instantaneous crank angle in degree,   is 
the ratio of specific heat (
vp CC ), p is the measured cylinder pressure in Pa and V is the 
cylinder volume in m
3
. The derivation of equation (2.40) can be found in section (3.1). 
The AHRR is strongly related to engine operating conditions, engine specifications as well as 
physical and chemical properties of fuel. Moreover, the AHRR provides information about 
ignition delay (the time interval between the start of injection and the start of combustion 
while, the start of combustion is determined as the time instant when the AHRR data crosses 
the time-axis after the start of injection), level of premixed and diffusion burn characteristics 
of the combustion process, that are useful for the understanding of exhaust soot and NOx 
emissions. By considering equation (2.43), it is clear that p and  are the main parameters 
that influence the value of AHRR. The effect of p and  along with the heat loss to the 
cylinder walls on the heat release analysis were discussed in [87-89]. It was found that 
significantly affects the magnitude of heat release rate (peak value) and the shape of the 
cumulative heat release rate. It has been shown that specific heat ratio (γ) is the most 
important thermodynamic property that is used for heat release analysis in engines [90,91]. It 
is well known that γ is a function of charge temperature and charge composition and it varies 
during the complete combustion period. The variation of γ at each crank angle position for 
the entire combustion period has been discussed in [87,90,92,93]. Several correlations have 
been proposed to calculate γ in terms of charge temperature [90,92,93]. Using the 
instantaneous value of γ can reduce error in heat release rate calculations. It has also been 
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revealed that the effect of varying γ during a cycle is relatively small and it is more important 
to use correct value of γ for the overall combustion process [87]. The effects of temperature 
and equivalence ratio on γ have been investigated and it has been shown that the relation 
between γ and temperature is almost linear [95]. Similarly, the variation with equivalence 
ratio is significant but much smaller than the effect of temperature [87]. Horn et al. [91] and 
Asad et al. [94] have considered constant value of γ for their heat release calculations for the 
entire combustion period. Brunt et al. [87] have calculated the error induced on the AHRR 
due to temperature and γ value, and found that the maximum error on the AHRR were mainly 
due to the use of incorrect value of γ. It was concluded that the effect of γ on AHRR was more 
significant when compared to temperature and it was also revealed that the effect of pressure 
on AHRR was not that significant. 
 
2.4. Ignition delay (τ) 
The combustion processes in diesel engines are significantly influenced by the rate at which 
the fuel is mixed with air inside the combustion chamber during the ignition delay ( ) 
period. Ignition delay is defined the time interval between the start of injection and start of 
combustion in a diesel engine. The duration of ignition delay influences the premixed burn 
fraction, heat release rate, as well as engine noise and pollutant formation. Due to importance 
of ignition delay many correlations have been proposed. The ignition delay correlation 
proposed by Hardenberg and Hase [96] is one of the well-established correlations which is 
based on the in- cylinder pressure, temperature, mean piston speed, activation energy together 
with some adjustable coefficients. 
Another most widely reported correlation that has been used over the years for predicting   
in diesel engines and in diesel like environment is an Arrhenius type expression, which was 
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first proposed by Wolfer [97] in 1938. The pressure and temperature dependence on the 
proposed Arrhenius based correlation is shown in equation (2.41).  
T
C
Ap n exp          (2.41) 
Where τ is the ignition delay, p and T are the in-cylinder pressure and temperature; A is the 
pre-exponential factor and n is the experimentally determined, which are dependent on the 
properties of the fuel (to some extent, the injection and air-flow characteristics). The constant 
C is dependent on the activation energy, which can be calculated as .Where R is the 
universal gas constant (8.314 J/mol.K), and EA is the apparent activation energy of the fuel 
that initiates the auto-ignition process, the effect of EA on τ for diesel fuel was investigated in 
[82,98].Following Wolfer’s work in 1938, several investigations have been carried out to 
explore the ignition process in a constant volume chamber, Rapid Compression Machines 
(RCM) and in engines. Previous investigations have revealed that the charge temperature, 
pressure and fuel properties are the most important factors, which affects the magnitude of τ 
[3,99-106]. Nevertheless, the τ is also influenced by the factors such as equivalence ratio 
[107] injection pressure, engine speed, injection timing, swirl ratio, engine load, nozzle hole 
diameter, and nozzle type [108].  
Watson [109] developed an empirical correlation to predict τ, while proposing a constant 
value of 2100 for C and 3.45 for A. The correlation coefficients were mainly dedicated for 
diesel as the molecular structure, chemical composition and physical properties such as 
viscosity, surface tension and density are different for different fuels. Many recent 
investigations have shown that τ for bio-diesel is shorter than diesel for a given operating 
condition due to their different properties such as high Cetane number (CN). Besides fuel 
composition, the in-cylinder peak pressures, the mean in-cylinder temperature and pressure 
R
E
C A
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during the delay period are relatively lower for bio-diesel than diesel [84,85,110-118]. The 
correlation proposed by Assanis [100] is a function of in-cylinder pressure, temperature and 
equivalence ratio (φ), with A=2.4 and C=2100 as shown in equation (2.42). In general the 
pre-exponential coefficient was found to vary from 2.6 to 3.8 in the literature. 
T
p
2100
exp4.2 2.002.1           (2.42) 
In another study, Alkhulaifi [101] proposed a new correlation similar to Assanis [100] by 
including the engine load factor. The newly included term was defined as the Brake Power 
fraction (BP) which is shown in equation (2.43).  
T
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exp)(05.2 05.14.0         (2.43) 
Watson [109] and Assanis [100] used an average value for the in-cylinder pressure during the 
ignition delay period but Alkhulaifi [101] used the instantaneous in-cylinder pressure at the 
start of combustion in their correlation, and discussed the benefits of their approach. In all  
the ignition delay correlations [98,100,101] discussed so far, the accuracy of predictions for a 
given in-cylinder conditions are mainly influenced by the values of the constants (A, n and C) 
used in the correlation. Wide range of variations in the A and n values can be seen in 
[100,101,119,120]. The values for A, n and C are mostly calculated by curve fitting 
[100,101,121] and this method can affect the accuracy of the correlation significantly 
depending on the limits set to fit a curve, and also the assumptions made for fitting the data.  
Calculating the values of constants A, n and C analytically can improve the accuracy of the 
correlation due to the exact solution that can be obtained without any assumptions. In this 
study, it has been demonstrated through theoretical analysis and experiments how the values 
of A, n and C can be calculated. The values of A, n and C obtained by different methods are 
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compared and a new correlation incorporating only the engine operating parameters without 
any tuning constants have been proposed and discussed in chapter 7. 
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Chapter 3 
Theoretical methodology 
 
 
Cylinder pressure data versus crank angle over the compression and expansion strokes of the 
engine operating cycle can be used to obtain quantitative information on the progress of 
combustion. Suitable methods of analysis which yield the rate of release of fuel’s chemical 
energy or rate of fuel burning through the diesel engine combustion process will now be 
described by using the first law of thermodynamics [3]. 
In this chapter in section 3.1 the calculation of Apparent Heat Release rate (AHRR) by using 
in-cylinder pressure will be described. In section 3.2 the calculation of in-cylinder 
temperature will be discussed and compared with other existing methods. 
 
3.1. Heat release calculation 
For a diesel engine over power stroke of the engine operating cycle, the content of cylinder 
can be considered as an open system (compressed fuel and air at high temperature and 
pressure). The first law of thermodynamics for this open system can be applied as follows: 
 
dt
dU
hm
dt
dV
p
dt
dQ
i
o
i         (3.1) 
Where dQ/dt is the heat transfer rate across the system boundary into the system, p(dV/dt) is 
the rate of work transfer done by the system due to system boundary displacement, m
o
 is the 
mass flow rate into the system across the system boundary at location i (flow out of the 
system would be negative), hi is the specific enthalpy of flux i entering or leaving the system, 
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and U is the energy of the material contained inside the system boundary. Equation (3.1) can 
be rearranged and expressed in form of equation (3.2). 
dt
dU
hmhm
dt
dV
p
dt
dQ
dt
dQ
dt
dQ
f
o
fcr
o
cr
htchn       (3.2) 
Where the apparent net heat release rate, dQn/dt, which is the difference between the apparent 
gross heat release rate dQch/dt and the heat transfer rate to the walls dQht/dt,equals the rate at 
which work is done on the piston plus the rate of change of sensible internal energy of the 
cylinder contents and also effect of mass flow rate in and out of the system. During the power 
stroke while the intake and exhaust valves are closed the only mass flows across the system 
boundary are the fuel and the crevice flow.  
 
Figure (3.1): Gross and net heat release profile during combustion, for a turbocharged DI 
diesel engine in mid load and mid speed range, showing relative magnitude of heat transfer, 
crevice, and fuel vaporization and heat up effects. Figure from [3] page 511.  
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Figure 3.1 shows the effect of heat exchange with the system boundary and crevice flow [3]. 
This figure also indicates that the effect of heat exchange is greater than the effect of crevice 
flow therefore the crevice flow effects will be omitted in equation (3.2). 
dt
dU
hm
dt
dV
p
dt
dQ
dt
dQ
dt
dQ
f
o
f
htchn        (3.3) 
There were several approaches made by research teams to calculate engine heat loss during 
the combustion [122-126]. 
The effect of heat loss is not considered in this work therefore the equation (3.3) can be 
simplified and expressed in form of equation (3.4). 
dt
dU
dt
dV
p
dt
dQ
dt
dQ
dt
dQ htchn         (3.4) 
If the content of cylinder is assumed as an ideal gas, equation (3.4) becomes 
dt
dT
mC
dt
dV
p
dt
dQ
v
n          (3.5) 
From the ideal gas law, pV=mRT, with R assumed constant during the combustion period, it 
follows that 
T
dT
V
dV
p
dp
          (3.6) 
Equation (3.6) can be used to eliminate T from equation (3.5) results in equation (3.7). 
dt
dp
V
R
C
dt
dV
p
R
C
dt
dQ vvn  )1(        (3.7) 
Equation (3.7) can be expressed in terms of heat capacities ratio (ϒ=Cp/Cv) as follows. 
58 
 
dt
dp
V
dt
dV
p
dt
dQn
1
1
1 





       (3.8) 
According to [3] an appropriate range for ϒ for diesel heat release analysis is 1.3 to 1.35. A 
new technique developed to calculate ϒ value in combustion heat release analysis is proposed 
in chapter 6. 
The value of the combustion chamber volume V, at any crank position  can be calculated by 
using geometrical properties of reciprocating engine in equation (3.9). 






 2
1
22 )sin(cos1)[1(
2
1
1  RRrVV c     (3.9) 
Where the following parameters define the basic geometry of a reciprocating engine as it is 
shown in figure 3.2 : 
1. Compression ratio: 
c
cd
V
VV
r

           (3.10) 
Where Vd is the displaced or swept volume and Vc is the clearance volume. 
2. Ratio of cylinder bore to piston stroke: 
L
B
Rbs           (3.11) 
3. Ratio of connecting rod length to crank radius: 
a
l
R            (3.12) 
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Figure (3.2): Basic geometry of the reciprocating Diesel combustion engine. 
3.2. Calculation of in-cylinder temperature 
In-cylinder temperatures can be measured by thermocouples or can be calculated by using the 
pressure data. Thermocouples are very sensitive in terms of the location of sensor and the 
way it is placed on the engine to detect the correct temperature.  
In-cylinder temperature was measured by a thermocouple with a compensation circuit in 
[102,122].The compensation circuit with an operation amplifier was designed to compensate 
for the first order time lag due to the thermal inertia of the thermocouple. Along with the 
measured temperatures the in-cylinder temperatures were calculated by using the equation 
(3). 
1)(  m
c
i
ic V
V
TT          (3.13) 
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Where Tc and Vc are the in-cylinder temperature and volume and Ti and Vi are the known 
temperature and volume at a crank angle and m is polytropic index. To obtain calculated 
values from equation (3.13) the inlet air temperature or cylinder temperature can be 
considered for Ti . Figure 3.3 indicates in-cylinder temperatures using Ti=295.15 K (intake air 
temperature) and Ti=353.15 K (wall temperature) for diesel fuel at injection timing 6 deg 
BTDC, injection pressure= 800 bar, BMEP=2.7 bar and 2000 rpm. According to [103] 
cooling water temperature can be considered as wall temperature. According to figure 3.3, 
considering higher value for Ti results in overestimating of in-cylinder temperature 
calculation for entire combustion period. Figure 3.4 indicates variation of Tc against Ti at 
same operating engine conditions as figure 3.3. It was observed that Tc value is linearly 
related to Ti. According to [102] the slope of the line in figure 3.4 is not affected by engine 
speed for a given condition, but in-cylinder temperature value at the start of combustion is 
increasing at higher speed. Comparing calculated values for Tc by using intake air 
temperature and cylinder temperature for Ti with measured in-cylinder temperatures revealed 
that using cylinder temperature for Ti provides more accurate in-cylinder temperatures [102].  
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Figure (3.3): Variation of in-cylinder temperature at different intake air temperatures for 
diesel fuel at injection timing 6 deg BTDC , injection pressure= 800 bar ,  BMEP=2.7 and 
2000 rpm. 
 
Figure (3.4): variation of in-cylinder temperature at start of combustion at different intake air 
temperature for diesel fuel at injection timing 6 deg BTDC , injection pressure= 800 bar ,  
BMEP=2.7 and 2000 rpm.  
 
Apart from Ti, an incorrect value for polytropic index can affect accuracy of Tc value. Using 
an appropriate technique can provide an accurate value for m. Experimental data and 
correlations can be used to calculate m. Equation (3.14) developed by Hardenberg and Hase, 
can be used to calculate m value for entire diesel combustion [96]. 
1.
1



pSf
m

          (3.14) 
Where   is the ratio of specific heat (Cp/Cv), f= 1.1 is a constant and Sp is the mean piston 
velocity. Higher value for Sp corresponds to lower heat transfer in engine as less absolute 
time is available for each cycle. Figure 3.5 indicates variation of m against Sp. 
580
600
620
640
660
680
700
720
740
290 300 310 320 330 340 350 360
In
-c
yl
in
d
e
r 
te
m
p
e
ra
tu
re
 a
t 
st
ar
t 
o
f 
co
m
b
u
st
io
n
, T
c 
(o
K
) 
Intake air temperature,Ti (oK) 
62 
 
 
Figure (3.5): Variation polytropic index (m) against piston mean speed for diesel fuel. 
 
 
According to figure 3.5 as piston mean speed increases, the m value tends to be a constant 
value. This condition corresponds to engine heat loss reduction per each cycle. In other word 
higher piston mean speed can result in a stable value for m. Using an accurate value for m and 
Ti can provide an accurate Tc. 
Kwon et al. found that one of the difficulties in ignition delay study is to define the cylinder 
temperature at the time of ignition [102]. In-cylinder temperature can be calculated by using 
ideal gas law. In this technique in-cylinder mixture is assumed an ideal gas and the fuel mass 
and heat loss were neglected. Equation (3.15) can be used to calculate Tc. 
ii
cc
ic
vp
vp
TT .           (3.15) 
The first law of thermodynamic also can be used to calculate Tc. In this technique the cylinder 
content is assumed an ideal gas and the values of R and  were considered during the 
combustion period. Equation (3.16) can be used to calculate Tc. 
)(
)(
.
1
1
.
)(
)(
1
1
1
1
ii
ii
i
ii
ii
ii
i
i
TT
T
VpVV
p
d
dQ
 














     (3.16) 
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Where i
d
dQ
)(

can be calculated by using equation (3.18) at a known crank angle position. In 
this equation the only unknown parameter is 1iT . Figure 3.6 indicates in-cylinder 
temperature by using equations (3.13), (3.15) and (3.16). 
 
 
Figure (3.6): variation of in-cylinder temperature using three different methods for diesel fuel 
at injection timing 6 deg BTDC , injection pressure= 800 bar ,  BMEP=2.7 and 2000 rpm. 
Cylinder wall temperature was considered for Ti for three sets of data. 
Equation (3.16) was used to calculate in-cylinder temperatures which provides realistic in 
cylinder temperature values in comparison to equations (3.13) and (3.15). 
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Chapter 4 
Experimental set up 
 
 
A four cylinder 2 litre Ford Puma Zetec 16 valves High Speed Direct Injection (HSDI), 
naturally aspirated diesel engine was employed to carry out these investigations. The pressure 
data was acquired using a fast response piezo-resistive pressure transducer (Kistler 6125A), 
and the data was acquired over 100 cycles to minimise the error due to cycle to cycle 
fluctuation. The average coefficient of variation was found to be less than 1%. Investigations 
were carried out using diesel which was tested for two engine loads, at different injection 
timings and at different injection pressures while the engine speed was kept constant at 2000 
rpm for all conditions. A gas analyser type Horiba, Model MEXA 7170 was connected to 
intake and engine exhaust to provide the analysis of intake gas and exhaust gas accurately.  
The Horiba gas analyser shown in figure 4.1 is a programmable unit as shown in figure 4.2 is 
able to measure all regulated emissions. Horiba gas analyser can be programmed to provide 
reading for certain elements as well as displaying the readings. A sample reading has been 
shown for EGR, CO, HC, NOx, O2 and CO2 in figure 4.3 . NO and NO2 can be measured by 
using this analyser individually. 
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Figure (4.1): Horiba Mexa-7170 gas analyser. 
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Figure (4.2): Horiba MEXA-7170 control system. 
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Figure (4.3): A sample reading by gas analyser type: Horiba MEXA-7170. 
The engine was equipped with sensors, to measure and control the engine torque, speed, 
injection parameters, cylinder pressure and fuel consumption. Figure 4.4 shows the engine in 
the engine lab. Details of the test matrix are presented in a table in chapters 5, 6 and 7.  The 
engine specifications are listed in table (4.1).  
Table (4.1): Specification of engine. 
Number of 
cylinders 
4   
Cylinder bore 86 mm 
Crankshaft stroke 86 mm 
Swept Volume 1998.23 cm
3
 
Compression 
Ratio 
18.2   
Con-Rod Length 155 mm 
Vc 29.04404 cm
3
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The engine has an ability to have intake air either naturally aspirated or supercharged to 
engine. In this work all test were on naturally aspirated condition. The possibility of 
connecting EGR as well exists but in this investigation the effect of EGR was not considered.  
 
 
Figure (4.4): four cylinder 2 litre Ford Puma Zetec 16 valves High Speed Direct Injection 
(HSDI) diesel engine at Brunel University engine lab. 
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Chapter 5   
Characterising Wiebe Equation for Heat Release Analysis 
based on Combustion Burn Factor (Ci) 
 
5.1 Introduction 
There is no doubt that the existing correlations in engine combustion analysis are very useful 
for engine research teams in terms of better understanding of engine chemical and physical 
processes. Wiebe and Wolfer equations are good examples of correlations which were 
studied in this chapter and chapter 7.  Correlations can help researchers to understand the 
physical relation between the parameters and enable them to categorize the parameters in 
several groups which results in reducing of number of experiments and also cost of engine 
combustion research.  
Dimensionless parameters which are ratio of several physical parameters can be used along 
with correlations to provide double benefit of using correlations. Due to the complication of 
combustion process and also number of the parameters which are involved during the 
combustion process, in some cases it is almost impossible to analyse the engine combustion 
without using dimensionless parameters. Consequently dimensionless parameters not only 
facilitate engine research but also enable researchers to extract more results from experiment 
data. 
Dimensionless parameters are well known in thermodynamics and have been used 
extensively in different subject areas but not many correlations exist in engine heat release 
analysis. It could be associated to complication of engine combustion process which cause 
research teams to consider experimental approaches only rather than analytical solutions. 
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In this work an analytical approach was considered to discuss and also highlight the benefits 
of using Wiebe equation. This correlation has been used as a strong tool to calculate Burn 
fraction (f) in diesel engine combustion for more than 60 years since Ivan Ivanovitch Wiebe 
published his function in 1952. 
Correlations are characterized by number of coefficients which are the constants and need to 
be calculated prior to calculation. The main problem arises when the value of these constants 
have not been calculated accurately. The effect of using inaccurate value of constants can be 
significant and result in incorrect calculation. In this work the effect of constants in Wiebe 
equation were studied and compared. New methods were proposed to calculate accurate 
value for constants. A new modified form of Wiebe equation was proposed and the benefits 
of using this form is compared to original form of Wiebe equation were discussed. A 
dimensionless parameter called Combustion burn factor (Ci) was introduced and the benefits 
of using Ci was discussed. It was also concluded that Wiebe equation is function of Ci only 
[86]. 
 
5.2.Modified Wiebe Equation 
The Wiebe equation in general form in terms of crank angle degree is as follows: 
])(exp[ 1


 moaf


        (5.1) 
The crank angle corresponding to 50% of cumulative amount of heat released during 
combustion process corresponds to the condition of 5.0f and θ= θ 50 so equation (5.1) can 
be rewritten as:   
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])(exp[5.0 150 


 moa


       (5.2) 
Equation (5.2) applies to the centre of combustion, taking natural logarithm to both sides of 
Equation (5.2) results in Equation (5.3). 
 
150 )(5.0ln 


 moa


       (5.3) 
Rearranging equation (5.1) and taking natural logarithm on both sides results in equation 
(5.4) 
1)()1ln( 


 moaf


       (5.4) 
Dividing equation (5.4) by equation (5.3) and further simplification results in the proposed 
modified version of Wiebe equation (5.5), where the burn fraction f  is expressed in terms of 
θ, θ₀, θ 50 and m. 
]))(5.0exp[(ln1 1
50



 m
o
of


      (5.5) 
The modified version of the Wiebe equation has only one constant compared to the original 
Wiebe equation, and this constant can be determined against experimentally measured 
cylinder pressure data. 
 
5.3.Determination of Instantaneous Form (m) and Efficiency (a) Factors  
The cumulative heat release based on the first law of thermodynamics was obtained for all 
the engine operating conditions A1 to A30 shown in table (5.1).  
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Table (5.1): Engine operating conditions A1 to A30. 
 
 
Ex
p
e
ri
m
e
n
t 
N
o
.
In
je
ct
io
n
 T
im
in
g 
d
e
gr
e
e
 b
Td
c
In
je
ct
io
n
 p
re
ss
u
re
(P
a)
 x
1
0
⁵
B
M
EP
 (
P
a)
 x
1
0
⁵
Ө
₀ 
,C
ra
n
k 
an
gl
e
 d
e
gr
e
e
A1 9 800 2.7 356.4
A2 9 1000 2.7 355.12
A3 9 1200 2.7 354.8
A4 6 800 2.7 358.09
A5 6 1000 2.7 358.05
A6 6 1200 2.7 357.4
A7 3 800 2.7 361.11
A8 3 1000 2.7 360.72
A9 3 1200 2.7 360.34
A10 0 800 2.7 363.98
A11 0 1000 2.7 363.72
A12 0 1200 2.7 363.37
A13 -2 800 2.7 367.08
A14 -2 1000 2.7 366.53
A15 -2 1200 2.7 365.91
A16 9 800 5 355.16
A17 9 1000 5 355.02
A18 9 1200 5 354.72
A19 6 800 5 357.97
A20 6 1000 5 357.75
A21 6 1200 5 357.3
A22 3 800 5 360.81
A23 3 1000 5 360.56
A24 3 1200 5 360.21
A25 0 800 5 363.62
A26 0 1000 5 363.34
A27 0 1200 5 363.22
A28 -2 800 5 366.23
A29 -2 1000 5 365.83
A30 -2 1200 5 365.44
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The value of m was determined analytically at each time instant of the experimentally 
measured data by using the modified Wiebe equation (which has only one unknown m in 
equation (5.5)). By substituting the value of the determined ‘m’ in equation (5.1), the 
unknown value, ‘a’ was calculated for each time instant of the combustion period for a given 
experimental data. Thus it can be seen that the values for a and m in this work are determined 
differently without making any assumption as proposed in [3,52, 54- 56,59]. These values for 
a and m are actual values, thus they are denoted as a(ac) and m(ac) for subsequent analysis.  
Besides the above described procedure, the value for m was also obtained through the fitting 
procedure described earlier in [54,62,127,128] by fixing the value of a to be 5 in equation 
(5.1) as proposed in [51,54,129,130]. The values of a and m obtained through this procedure 
will be denoted as m(f) and a* respectively for subsequent analysis.  
The values of m(ac) calculated using equation (5.5) at each crank angle position for condition 
A2 have been plotted against 



 o in figure 5.1 .  
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Figure (5.1):  Variation of actual Form factor m(ac) and fitted value m(f) versus (θ-θₒ)/Δθ for 
the engine operating condition A2. 
On the other hand the values of m(f) determined by the described fitting procedures for a 
constant value of a =5 are also plotted against 



 o in figure 5.1 .  The assumed a* value 
and the calculated values of a(ac) at each crank angle position for the condition A2 are 
plotted against 



 o in figure 5.2 .  
 
Figure (5.2):  Variation of actual Efficiency factor a(ac) and chosen value a* versus (θ-θₒ)/Δθ 
for the engine operating condition A2. 
Figures 5.1 and 5.2 indicate that the variation in the actual values of )(aca  and )(acm tend to 
become steady during the later stages of combustion, and this can be attributed to the effects 
of fluctuations in ignition at the beginning of combustion process. The value of a(ac) shows 
some fluctuations during the early stages of combustion and attain almost a constant value for 
the rest of combustion. In contrast the values of m(f) shows no fluctuation in the beginning, 
but at later stages of combustion, m(f) varies significantly compared to the m(ac). This large 
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difference between m(f) and m(ac) may be attributed to fixing the value of a*. Since the value 
of a* is fixed to a constant value, m(f) undergoes fluctuations to match the experimental data 
with the theoretical burn fraction curve. Similar trends were observed for all other engine 
operating conditions. These differences between m(f) and m(ac), and also between  a(ac) and 
a*  shows the deviation of m(f) and a* with respect to the actual value that is required by the 
combustion and this results in an error on the calculated value of f.  
 
5.4.Determination of Overall Form and Efficiency Factors for entire 
combustion 
By having accurate values for a and m at each time instant during combustion process, it is 
also possible to obtain one value for a and m for the entire combustion period. The overall 
value for m for the entire combustion period can be elucidated using equation (5.6), which is 
obtained by rearranging the modified Wiebe equation (5.5). 
)ln()1()
)5.0ln(
)1ln(
ln(
50 o
om
f






       (5.6) 
Equation (5.6) is of the form of a straight line with a slope of m+1 with zero y intercept. The 
variation of )
)5.0ln(
)1ln(
ln(
f
against )ln(
50 o
o




is shown in figure 5.3 .  
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Figure (5.3): Determination of one overall value of the form factor by taking the slope of 
)
)5.0ln(
)1ln(
ln(
f
and )ln(
50 o
o




. 
For a given operating condition of (A2), the slope of 0.68 was obtained and this corresponds 
to the value of 32.0m . Similarly the overall value for a can be obtained by rearranging 
Wiebe equation, to express it in a linear form with a as the slope of equation (5.7)  and zero Y 
intercept. 
1)()1ln( 


 moaf


        (5.7) 
Plotting the values of )1ln( f and 1)( 

 mo


 provides the value for a as shown in figure 
5.4 , the overall value for a corresponding to the A2 condition was found to be 2.9.  
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Figure (5.4): Determination of one overall value of the efficiency factor by taking the slope of 
)1ln( f and 1)( 

 mo


. 
 
5.6.Comparison of theoretical models 
Figure 5.5 presents the comparison of the experimental data against four sets of theoretically 
determined f obtained through different methods.  
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Figure (5.5): Variation of f against



 o , for four set of data along with experimental data, 
for the engine operating condition A2. 
It can be seen that the Wiebe equation with the actual values fits the experimental data with a 
difference of less than 1% at each time instant for the entire combustion period. The modified 
Wiebe equation provides an average difference of 3.3% between the calculated burn fraction 
and experimental data beyond the range 05.0



 o . For the early stages of combustion 
when 05.0



 o large differences were found between calculated values and experimental 
data and it could be due to fluctuations in ignition and unsteady nature of early flame 
development process. Wiebe equation with one overall value (m=-0.32 and a=2.9) obtained 
from figure 5.3 and figure 5.4 fits the experimental data well for the combustion phase 
4.0
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

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 o . The calculated values deviated from experimental data in the 
region between 4.006.0 


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 o  and the average difference between theoretical and 
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experimental data was found to be 6.45% for entire combustion period. The theoretical values 
of f obtained from the Wiebe equation using the fixed value of a* and with the one overall 
value for form factor (m=-0.11) obtained by fitting procedure provides an underestimation of 
f in the region 2.0



 o and overestimation of f in the region 2.0



 o  and the average 
difference between theoretical and experimental data was found to be 10.16% for the entire 
combustion period. In summary, the Wiebe equation with actual values fits better with 
experimental data, followed by modified Wiebe equation, Wiebe equation with (m=-0.32 and 
a=2.9) and Wiebe equation with (m=-0.11 and a*=5). 
The error induced on the theoretical determined f due to the values of a and m that were 
obtained through two different procedures will be analysed and compared in the next section. 
 
5.7.Burn Fraction Error Analysis  
The error induced in the obtained values of a and m and their effects on the theoretical 
calculation of f has been be analysed and discussed in this section by differentiating equation 
(5.1), with respect to a and m, which results in equation (5.8) and (5.9) respectively. 
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Equation (5.10) is obtained by dividing equation (5.9) by equation (5.8), which shows that the 
error on f  with respect to m divided by error on f  with respect to a at each point is not a 
function of m and this value in equation (5.10) is called error fraction (Er). 
The value of 



 o  ranges between 0 and 1, and it is equal to ≈0 at the start of fast burning 
and equal to ≈1 at the end of fast burning. The value of 








 oln is a negative value and a 
is a positive value so the error fraction (Er) in equation (5.10) is a negative value, which 
consequently indicates that equation (5.8) and equation (5.9) will always have opposite signs. 
The negative sign indicates that the error on f with respect of a and m have opposite effect, 
consequently they have no additional effects on f  which can cause to reduce the net error. 
This effect has been shown in figure 5.6 where it clearly indicates the induced error on f
with respect to the variations of a and m values are positive and negative respectively. 
 
Figure (5.6):  Variation of f for different value of (θ-θₒ)/Δθ with respect to ɑ and m for the 
engine operating condition A2. 
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The positive error on a results in an overestimation of f and the positive error on m results in 
an underestimation of f . According to figure 5.6 the absolute value of error on f with 
respect to m is greater than a, consequently the value of f is more affected by the variation 
of m compared to a. This indicates that the value of m needs to be calculated precisely. This 
is one of the reasons for assuming the value for a and fitting the heat release data to get the 
value for m in the published literatures [51,52,54,129,130]. 
The Error function (E) calculates the total error induced on f with respect to a and m values 
as shown in equation (5.11). This total error is equal to the sum of equation (5.8) and 
equation (5.9).  
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The effect of total error induced on f  due to a and m values of equation (5.11) are shown in 
figure 5.7 and these values are plotted against



 o .  
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Figure (5.7):  Total absolute Burn fraction (E) for different value of (θ-θₒ)/Δθ with respect to 
ɑ and m for the engine operating condition A2. 
According to figure 5.7 there is only one maximum absolute error value and this value is a 
function of a and m. The values of E were calculated for different values of a and m and the 
maximum absolute error value (Emax) for each set of a and m values were plotted against m in 
figure 5.8 .  
 
Figure (5.8):  Variation of Emax for different values of ɑ and m. 
The magnitude of Emax was found to be the highest for a combination of high values of a and 
for low values of m. The magnitude of Emax was also found to be the lowest for a combination 
of high m values and low a values. The variation of Emax with respect to m is larger than a, 
therefore m can influence Emax significantly compared to a. 
Figure 5.6 also indicates that over estimation of a and m values results in underestimation of 
f  due to significant effect of m with respect to a and vice versa. The analysis presented in 
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figures 5.6 and 5.8 indicate that the values of the burn fraction are affected more by the value 
of m compared to the value of a.  
Similar to the error function of Wiebe equation (5.11), the error function has also been 
obtained for the modified Wiebe equation, equation (5.12).  
)))).(5.0exp(((ln(.))).()).(ln(5.0(ln( 1
50
1
5050







 m
o
om
o
o
o
oE






  (5.12) 
The modified Wiebe equation is not a function of a, consequently for a given m value, the 
error function for all values of a is a constant value. Figure 5.9 presents the variation of Emax 
against m values ranging from 1 to 6.5, and for two typical values for a (5 and 6.908), which 
were mentioned earlier in this work.  
 
Figure (5.9): Variation of Emax against m for a=5 and a=6.908 for Wiebe equation and  
modified Wiebe equation.  
Figure 5.9 indicates that the modified Wiebe equation produces less error when compared to 
Wiebe equation with the most commonly assumed values of a. The differences between the 
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error values of Wiebe equation and the modified version of Wiebe equation is more 
significant for lower m values and the error difference minimises as the m value increases.  
 
5.8.Combustion burn factor (Ci) and heat release rate analysis 
The exponential term of the modified Wiebe equation contains parameters such as θ, θ₀ and θ 
50 and these parameters are combined to be expressed in the form of a non-dimensional 
parameter 
o
o




50
. This new non-dimensional parameter is called the combustion burn 
factor in the subsequent text, and this factor represents the combined effects of θ₀, θ50 and θ 
of each combustion condition and it is denoted by the notation Ci. Substitution of this 
combustion burn factor Ci in the modified Wiebe equation results in equation (5.13), and it 
can be seen that the burn fraction f  is only a function of Ci.   
  ])5.0exp[(ln1
1
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m
iCf        (5.13) 
Equation (5.14) can be used to calculate the value of Ci at the start (where 05.0f ) and the 
end (where 95.0f ) for fast burning in terms of m as: 
1
1
)
)5.0ln(
)1ln(
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f
C          (5.14) 
At the end of fast burning the value of Ci can be expressed as 
1
1
)32.4(  miC and the 
corresponding value of Ci for the start of fast burning can be expressed as
1
1
)07.0(  mCi . 
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Since the newly defined non-dimensional parameter combustion burn factor (Ci) is the only 
parameter that affects the burn fraction and it will be a valuable parameter to study the heat 
release rate analysis. Several details about the combustion process can be obtained when the 
heat release rate is plotted against the non-dimensional combustion burn factor Ci. 
Many investigations have been carried out to study the effects of combustion and emission 
process with respect to θₒ and θ50 independently. In this work the combination effect of these 
parameters on diesel engine combustion will be considered. The benefits of using Ci for the 
heat release analysis have been discussed in the subsequent section. Figure 5.10 shows the 
variation in AHRR plotted against instantaneous crank angle for three different engine 
operating conditions A4, A7 and A10.  
Since these three conditions have different injection timing, the difference between θo and θ50 
for each condition are different, and the corresponding start of combustion and the end of 
combustion are different for each of these conditions. Consequently it makes difficult to 
compare the curves for different conditions. Using the non-dimensional Ci to construct AHRR 
instead of instantaneous crank angle (θ) can produce another form of apparent heat release 
chart (figure 5.11), which provides more information about the combustion and it is easier to 
compare the data from different operating conditions.  
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Figure (5.10): Apparent heat release rate against instantaneous crank angle (θ) at different 
engine operating conditions A4, A7 and A10. 
In figure 5.10 , it is not clear where the centre of combustion is and the exact location where 
the combustion is taking place with respect to centre of combustion. These aspects can be 
viewed in figure 5.11 by plotting AHRR against Ci. At any instant on the AHRR-Ci chart it is 
possible to extract information about where the temporal location of combustion is with 
respect to the start of combustion, the end of combustion and the centre of combustion. As 
described below: 
 Ci=0 corresponds to start of combustion so all the AHRR-Ci charts are corrected 
automatically to have the same starting point and it makes easier to compare the 
charts at any time in terms of apparent heat release rate. 
 Ci = 1 corresponds to centre of combustion of the AHRR-Ci chart. The apparent heat 
release rate value at the centre of combustion can be read directly from this chart. Any 
temporal location on the AHRR-Ci chart can be identified with respect to start of 
combustion, end of combustion and centre of combustion.  
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 Ci corresponding to end of fast combustion is known (end of fast combustion is based 
on CA95), consequently the value of apparent heat release rate is known at the end of 
fast combustion.  
 
Figure (5.11): Apparent heat release rate expressed in terms of non-dimensional combustion 
burn factor (Ci) at conditions A4, A7 and A10. 
Since the value of Ci corresponding to any value of f is known, the magnitude of apparent 
heat release rates can be determined directly from the chart for any specific location of 
combustion and the heat release rate values can be compared against different engine 
operating conditions. The raising slope of the AHRR-Ci chart provides information about the 
relative level of pre-mixing in the combustion process when compared against different 
engine operating conditions. This helps with the understanding of the variation in NOx and 
soot emissions under different engine operating conditions.   
-10
10
30
50
70
-1 0 1 2 3 4 5 6 7
A
p
p
ar
e
n
t 
H
e
at
 R
e
le
as
e
 R
at
e
 (
A
H
R
R
 (
J/
o
C
A
))
 
Combustion burn factor (Ci) 
A10
A7
A4
88 
 
5.9.Conclusions 
A new method was proposed to determine the accurate values of the form factor (m) and 
efficiency factor (a) of the Wiebe equation analytically. This method results in good accuracy 
of estimating the burn fraction. The maximum absolute error induced on f due to these 
constants was found to be the lowest for a combination of high m values and low a values. 
A modified form of Wiebe equation has been developed in this work, and this equation is 
benefitted by having only one constant, form factor (m). The constant m was calculated 
directly by comparing the modified version of Wiebe equation against the experimentally 
determined heat release data.  
The development of the modified Wiebe equation resulted in the identification of a new non-
dimensional parameter, combustion burn factor Ci. The burn fraction f was found to be 
dependent only on Ci. The value of Ci at the start of combustion, centre of combustion and 
end of combustion were found in terms of m. The raising slope of the AHRR-Ci is related to 
the level of pre-mixing in the combustion process, which can help with the understanding of 
NOx and soot formation process in diesel engines. 
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Chapter 6  
Determination of specific heat ratio and error analysis for 
engine heat release calculations 
 
 
6.1.Introduction 
Heat release analysis has been used as a solid tool to study engine combustion by engine 
research community [131-135]. Heat release analysis generally starts by measuring 
instantaneous in-cylinder pressure by accurate pressure transducers and plotting in-cylinder 
pressure against the crank angle.  A typical measurement system which is almost similar 
system that was used in this work is shown in figure 6.1 .  
 
Figure (6.1). A typical engine measurement system. 
Pressure transducers technology was improved over the years since the internal engine was 
invented. Parallel to development of engines and in result of that increase the running engine 
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speed, the analogue transducers were not able to measure pressure data accurately. 
Piezoelectric pressure transducers were developed to collect accurate in-cylinder 
instantaneous pressure measurements in high speed engines in mid-seventies. This generation 
of pressure transducers were enhanced the accuracy of pressure measurements significantly. 
A typical Piezoelectric pressure transducer is shown in figure 6.2.  
 
Figure (6.2): Pressure transducer type: Kistler 6125A. 
The benefits of using modified Wiebe equation was discussed in chapter 5. It was shown that 
the exponential term of the modified Wiebe equation contains parameters such as θ, θ₀ and 
θ50 and these parameters are combined to be expressed in the form of a non-dimensional 
parameter.  This non-dimensional parameter was called the combustion burn factor (Ci) and it 
represents the combined effects of θ₀, θ50 and θ of each combustion condition. It was 
concluded that Ci in equation (6.1) is the only parameter that affects the burn fraction and it 
would be a valuable parameter to study the heat release rate analysis. 
])5.0exp[(ln1
1

m
iCf          (6.1) 
The benefits of using Ci for heat release analysis have been shown in chapter 5. It was found 
that Ci variation does not follow the variation of other two parameters θₒ and θ50 but it 
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simultaneously represents the effect of those parameters on the engine combustion and 
performance.  
By considering the relation of Ci, it is evident that the only parameters which affect the value 
of Ci are θ₀ and θ50. To calculate the location of θ₀ and θ50, the values of AHRR for complete 
combustion period need to be calculated precisely. The error in determining the parameters θ₀ 
and θ50 can result in an error on Ci calculation. Therefore any error in the calculation of the 
AHRR results in an error in the determination of Ci. 
In this chapter the errors associated with the determination of AHRR and the cumulative heat 
release (Cum.Hrr) from the measured cylinder pressure data and the assumed specific heat 
ratio (γ) was determined and compared. It is discussed that the value of γ affected the 
calculated AHRR more than the cylinder pressure. Overestimation of γ resulted in an 
underestimation of the peak value of the AHRR and vice versa, this occurred without any shift 
in the combustion phasing. A new methodology has been proposed to determine the 
instantaneous and mean value of γ for a given combustion. This new methodology has been 
applied to determine γ for a wide range of engine operating conditions and for different fuels 
[138]. 
 
6.2.Theory and Results  
6.2.1.Determination of γ 
The values of γ are normally obtained from the logarithmic plot of pressure and volume as 
discussed in figure 6.3 . 
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Figure (6.3): Variation of in-cylinder pressure against combustion volume. The average of the 
slope of compression and expansion line provide γ value (pV diagram). 
This figure presents measured cylinder pressure versus cylinder volume on a logarithmic plot. 
The slope of two linear parts of chart during expansion and compression presents γ value for 
expansion and compression processes respectively; the average of the two provides 
appropriate γ value that can be used for heat release rate equations. The average γ values for 
all the experimental data have been presented in figure 6.4 . Engine operating conditions A1-
A15 are listed in table (6.1). 
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Table (6.1): Engine operating conditions A1 to A15. 
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A1 9 800 2.7 
A2 9 1200 2.7 
A3 6 1000 2.7 
A4 6 1200 2.7 
A5 3 800 2.7 
A6 3 1200 2.7 
A7 0 1200 2.7 
A8 9 800 5 
A9 9 1000 5 
A10 9 1200 5 
A11 6 800 5 
A12 6 1000 5 
A13 6 1200 5 
A14 3 800 5 
A15 0 800 5 
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Figure (6.4): The value of specific heat ratio ϒ obtained using logarithmic pV diagram for the 
engine operation conditions A1-A15 described in table (6.1). The most commonly used value 
in literature ϒ=1.35 is plotted by dotted line. 
As it was expected the data indicates that the average values of γ obtained for different fuels 
under different engine operating conditions were different. The difference in γ values are 
mainly related to variation in heat exchange and chemical composition of charge within the 
cylinder. These factors result in different cylinder pressure and temperature in the combustion 
chamber. Consequently the values for γ were different depending upon the operating 
condition. If the combustion duration is considered differently (CA5-CA90 or CA5-CA95) 
consequently this technique provides different values for γ. Also the calculated values of γ 
during compression and expansion periods are different as seen in figure 6.3 . 
A new methodology has been proposed to determine the value of γ from the pressure and 
volume variations based on the centre of combustion location. The apparent heat release rate 
equation (3.8) for the centre of combustion can be rewritten as: 
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Equation (6.2) can be re-arranged to determine the values of γ as described in equation (6.3). 
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Substituting γ from equation (6.3) in equation (3.8), the AHRR can be expressed in terms of 
AHRR50  and K1 and K2 as: 
2150. KKAhrrAhrr          (6.4) 
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The AHRR on the left hand side of equation (6.4) and the AHRR50 term on the right hand side 
of equation (6.4) can be calculated by using equations (3.8) and (6.2) respectively. 
Substituting the values of AHRR from equation (3.8) in equation (6.4), the best instantaneous 
or mean value of γ can be obtained for each crank angle or for the entire combustion by 
minimising the residual value (Residual Function) of equation (6.7).  
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Figure 6.5 indicates the variation of sum of square value of RF (∑RF2) plotted against 
different γ values for three fuels at the operating condition A3. 
 
Figure (6.5): Variation of sum of square value of Residual Function (RF) for three fuels 
(diesel, Rapeseed Methyl Ester (RME) and Jatropha Methyl Ester (JME)) at operating 
conditions A3. The absolute minimum of each curve provide the best γ value. 
It can be seen that according to figure 6.5 the value of γ =1.34 provides a minimum value for 
∑RF2 for diesel, and 1.36 for RME and JME at the corresponding engine operating condition. 
It was found that different values of γ did not influence the location of end of combustion. 
The obtained values for γ by using θ50 position of AHRR are plotted in figure 6.6. 
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Figure (6.6): The values of γ obtained using the method based on centre of combustion (θ50) 
position for the engine operating conditions A1-A15. The most commonly used value in 
literature ϒ=1.35 is plotted by dotted line. 
Comparing two sets of values for γ using the proposed new method and the logarithmic pV 
diagram shows that by using the proposed method the value for γ is relatively higher for most 
of operating conditions as can be seen in figures 6.7a-c for diesel, RME and JME fuels 
respectively. 
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Figure (6.7a): Diesel fuel  
 
Figure (6.7b): RME  
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Figure (6.7c): JME 
Figure (6.7a, 6.7b, 6.7c): The value of   for the engine operating conditions A1-A15 for 
diesel fuel , RME and JME using the method based on centre of combustion (θ50) position 
(new method) and pV diagram. The most commonly used value in literature  =1.35 is 
plotted by dotted line. 
av corresponds to average value of heat capacities ratio during 
expansion and compression periods. 
 Using logarithmic pV diagram revealed that γ values during the expansion period is higher 
than γ value during the compression period. But the proposed method is based on the 
calculated heat release rate and the centre of combustion during the combustion period; 
therefore the calculated values of γ are relatively higher compare to that which was obtained 
by using the logarithmic pV diagram. In general the calculated γ values from the proposed 
method are comparable to γ values obtained from the expansion period using logarithmic pV 
diagram and similar results were observed for RME and JME.  
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6.2.2.Error associated with pressure on AHRR and γ  
The error associated with pressure measurements and its effect on the calculated AHRR will 
be discussed in the following section. If pm is the measured pressure at each crank angle and 
if the actual pressure is pa then the error associated with the pressure measurements can be 
expressed by a coefficient delta (δ), so the actual pressure can be expressed as: 
ma pp .           (6.8) 
Substituting the correct pressure value in the Ahhr equation (3.8) results in heat release rate 
expression 
ad
dQ







that is corrected for the errors associated with pressure measurements which 
is expressed as: 


 d
dp
V
d
dV
p
d
dQ a
a
a 1
1
1 








       (6.9) 
The subscript a is referred to actual value of heat release rate that has been corrected for 
pressure. Equation (3.8) and equation (6.9) can be combined to show that the actual value of 
heat release rate that is corrected for errors from pressure measurements can be expressed as 
the product of coefficient δ and the heat release rate from the uncorrected pressure data. 
ma d
dQ
d
dQ















          (6.10) 
The equation (6.10) shows that the AHRR data and the cumulative heat release follow the 
accuracy of measured pressure values. 
The measured pressure data shows that the variation of AHRR and the cumulative heat release 
due to pressure is only in the range of  0.2%. This finding is in a good agreement with [87].  
The other parameter that affects the calculated apparent heat release rate is the specific heat 
ratio γ. As it was discussed in the previous sections the specific heat ratio γ are normally 
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calculated by using the logarithmic slope of the pV diagram [91,93] and the value of γ can be 
obtained from equation (14). 
)ln(
)ln(
s
e
e
s
V
V
P
P
           (6.11) 
The subscripts s and e indicate the start and the end of the adiabatic compression or 
expansion interval. Applying the previously discussed error coefficient δ to the specific heat 
ratio will result in msas pp ).()(   and meae pp ).()(  . Further substitution in equation 
(6.11) will result in equation (6.12). 
m
s
e
me
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)
).(
).(
ln(
       (6.12) 
Equation (6.12) shows that the linear error on pressure data does not affect the specific heat 
ratio γ, this finding is in a good agreement with the work reported in [93].  
 
6.2.3.Effect of variation of γ on AHRR 
In order to elucidate the specific heat ratio effects on the AHRR, equation (3.8) has been 
differentiated with respect to   and it is expressed as: 
 d
dp
V
d
dV
pAhrr
d
d
22 )1(
1
)1(
1
)(




       (6.13) 
By applying p and V values for each condition and applying the most commonly used value 
 =1.35 , the absolute error value at each crank angle can be obtained. The error induced on 
AHRR for a small variation of 1 % of the value of the specific heat ratio γ has been presented 
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in figure 6.8 as a function of crank angle for diesel, RME and JME corresponding to 
condition A3.  
 
Figure (6.8): Absolute Apparent heat release rate error value, dϒ=0.01, for the engine 
operating condition A3. 
The absolute error caused by the variation of specific heat ratio is denoted by the notation β. 
It is clearly evident from figure 6.8 that the maximum absolute error occurs at the crank angle 
where the AHRR has its highest magnitude. The negative value of absolute error indicates 
that an overestimation of γ value results in an underestimation of the AHRR and vice versa, 
this observation was in good agreement with the works presented in [93,95]. The peak value 
of AHRR varies with chemical composition of fuel and engine operating conditions, so 
eventually the peak value of β varies accordingly and this has been observed for the rest of 
the engine operating conditions as shown in figure 6.9 . 
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Figure (6.9): Variation of maximum absolute error (β) for Apparent Heat Release Rate for 
three fuels (diesel, Rapeseed Methyl Ester (RME) and Jatropha Methyl Ester (JME)) at 
engine conditions A1-A15. 
The value of the maximum absolute error β caused by a small variation (~1%) to the specific 
heat ratio for condition A1-A15 was found to be 2.42 J/deg.  Figure 6.10 indicates the 
relative AHRR error (α) at each crank angle. 
0
0.5
1
1.5
2
2.5
3
A1 A4 A7 A10 A13
M
ax
im
u
m
 A
b
so
lu
te
 A
p
p
ar
e
n
t 
H
e
at
 R
e
le
as
e
 
R
at
e
 e
rr
o
r 
, β
(J
/d
e
g)
 
Operating condition 
Diesel
RME
jMEJ  
104 
 
 
Figure (6.10): Apparent heat release rate relative error (α) for a small change in γ value, dϒ 
=0.01, at the engine operating condition A3. 
This was determined by dividing the absolute AHRR error (β) by the magnitude of AHRR at 
each crank angle. The negative values for α indicates the opposite effect of γ value variation 
on AHRR. According to figure 6.11 the maximum α values for the operating conditions A1-
A15 was found to be 4% which corresponds to JME fuel at condition A2.  
-4
-3
-2
-1
0
1
2
3
350 352 354 356 358 360 362 364 366 368 370
R
e
la
ti
ve
  A
p
p
ar
e
n
t 
h
e
at
 r
e
le
as
e
 r
at
e
  e
rr
o
r,
 α
 
(%
)  
CAD (deg) 
RME,α 
JME,α 
Diesel,α 
105 
 
 
Figure (6.11): Variation of the maximum value relative Apparent Heat Release Rate error for 
three fuels (diesel, Rapeseed Methyl Ester (RME) and Jatropha Methyl Ester (JME)) at the 
engine operating conditions A1-A15. 
This shows that for the chosen operating condition (A1-A15) a small change (~1%) in the 
value of γ can result in an uncertainty of up to ~4% of the calculated AHRR . The 4% 
uncertainty in the calculated values of AHRR did not affect the start of combustion θ₀ and the 
location of the peak of the heat release rate (θmax) . 
 
6.2.4.Effect of variation of γ on Cumulative Heat Release  
The cumulative value of the apparent heat release (Cum.Hrr) is constant for a given 
combustion. The absolute error induced on the Cum.Hrr due to the variation of the specific 
heat ratio γ can be deduced from equation (6.14). The deduction of this equation is provided 
in [Appendix 1]. Since the cumulative value of the apparent heat release is constant for a 
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given combustion the absolute error induced on the Cum.Hrr by the variation of γ does not 
depend upon the crank angle θ.  
pVHrrCum
d
d
.
)1(
1
).(
2



        (6.14) 
The absolute error values were calculated and it was found that the uncertainty induced on 
the calculated cumulative heat release corresponds to a maximum of 4% for a variation of 1% 
of γ value for the chosen operating condition.  
 
6.3.Conclusion 
 It has been shown that the burn fraction f of Wiebe equation is only a function of 
newly defined dimensionless parameter combustion burn factor (Ci), thus it improved 
the interpretation of heat release data. 
 A new method was proposed to calculate instantaneous and mean value of γ by using 
the location of centre of combustion. Since the calculated value of γ was obtained 
based on the centre of combustion and the calculated heat release rates, the calculated 
value of γ is relatively higher compared to that which was obtained by using the 
logarithmic pV diagram. 
 It has been shown that measured in-cylinder pressure did not affect the value of heat 
capacities ratio significantly. The absolute induced error on the Apparent Heat 
Release Rate (AHRR) and the cumulative heat release were found to follow the 
accuracy of cylinder pressure measurement. 
 The absolute error on the calculated AHRR with respect to   varies against the crank 
angle and the maximum error was observed at the peak position of AHRR. It was also 
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found that an overestimation of   resulted in an underestimation of the peak of the 
AHRR and vice versa.  
 The uncertainty in the calculated values of γ does not affect the start of combustion 
(θ₀) and the location of the peak of the heat release rate (θmax) but the location of 50% 
of heat release ( 50 ) has marginally shifted, and this shifting is larger for high load in 
compare to low load. 
 The average variation in γ value at wide range of engine operating conditions with 
respect to most commonly used value of γ=1.35  was found to be less for the method 
based on θ50 position in compare to the method based on pV diagram for Diesel , RME 
and JME. 
 The absolute error on AHRR and the cumulative heat release was found to be 4% 
when the value of γ was varied by 1%. 
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Chapter 7 
Characterising ignition delay correlation for diesel engine by 
using newly proposed analytical methods 
 
 
7.1.Introduction 
Ignition delay is one the most important parameter that characterises the combustion and 
performance of diesel engine. The relation between ignition delay and combustion 
performance in terms of efficiency and emission was revealed by researchers.  
Ignition delay is defined the time interval between start of fuel injection and start of 
combustion in diesel engine [3]. As it was discussed in section (2.6) the diesel engine 
combustion is affected significantly by ignition delay period. It was revealed that the duration 
of ignition delay is proportional to NOx, produced by diesel engine combustion [136]. 
Therefore many strategies were taken to control ignition delay period to improve the 
combustion performance in modern engines.   
Ignition delay period is consisting of physical ignition delay and chemical ignition delay. 
Physical ignition delay mainly refers to fuel atomisation, vaporisation and air fuel mixing. 
The chemical ignition delay refers to chemical reactions which take place prior to main 
combustion. Physical and chemical ignition delays occur after fuel injection and 
simultaneously.  
In order to understand the concept of ignition delay, several correlations were proposed to 
predict the ignition delay in diesel engine. Wolfer is the main correlation which was 
discussed in section (2.6). This correlation can facilitate engine combustion research in terms 
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of cost and time significantly. Similar to Wiebe equation the accuracy of Wolfer correlation 
can be affected by calculation of inaccurate constants, consequently the constants in Wolfer 
correlation need to be calculated precisely. 
In this chapter, Ignition delay period measurement and calculation for study of diesel engine 
combustion along with the most used correlation for ignition delay were discussed. The effect 
of constants on accuracy of the correlation were discussed and induced error on calculated 
ignition delay periods with respect to the constants were calculated and compared. New 
techniques were proposed to calculate the constant values directly by using the experimental 
data. It was found that calculated values for ignition delay periods using new techniques were 
matched well with experimental data. These techniques can improve the accuracy of the 
ignition delay correlation. Also a new correlation with no constants was introduced in this 
work. This correlation can be used to predict ignition delay directly by using engine 
parameters only. The introduced correlation provides better results in compare to Arrhenius 
type correlation presented by Wolfer.   
 
7.2. Error Induced by Constants on Ignition Delay 
The ignition delay correlation described in equation (2.44) shows that the ignition delay is 
dependent on three main parameters namely, the in-cylinder pressure, temperature and the 
fuel properties which are reflected in the constant C. 
Figure 7.1 shows the effect of A and n on τ, according to this figure the accuracy of these 
constants can affect the accuracy of the calculated τ. 
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Figure (7.1): Variation of calculated ignition delay values at given condition for different 
values of A and n. 
It is important to understand the uncertainty induced by these two constants on the calculated 
ignition delay. Thus the error induced on the ignition delay τ with respect to these constants A 
and n were determined by differentiating τ with respect to each constant A and n which are 
shown in equations (7.1-7.2).  
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Dividing equation (7.2) by equation (7.1) results in a relation which shows the proportion 
through which the constants A and n affect τ.  
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The typical values for A and ln(p) are both positive and greater than one and thus the ratio 
described on the left hand side of equation (7.3) is greater than one therefore the absolute 
error induced on τ due to n is more than A. This confirms the trends discussed in the figure 
7.1 where the effect of A and n on τ are shown. Also as it is demonstrated in figure 7.1 the 
negative sign in equation (7.3) indicates that the error induced on τ with respect to n and A do 
not have additional effects and their variation tends to reduce the total error on τ. 
Similarly the effect of C on τ was determined by differentiating equation (2.44) with respect 
to C which results in equation (7.4).  
)
1
)(exp(
TT
C
Ap
C
n


        (7.4) 
Dividing equation (7.4) by equation (7.1) results in a relation which shows the proportion 
through which the constants A and C affect τ. 
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Where T is the in-cylinder temperature of the charge, by considering the typical values of A 
and T it can be concluded that 





T
A
1
 is a positive quantity and a much smaller value 
compared to )ln( pA   in equation (7.3). Consequently it can be concluded that the value of τ 
is most affected by the value of n compared to A and C. Thus it is essential to have A, n and C 
determined precisely to minimise the error that can be induced on the calculated values of τ.  
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7.3.Determination of A, n and C 
Several methods have been proposed to determine the value of the constants A, n and C to 
improve the accuracy of predicting the ignition equation (2.44). Aligrot et al. [121] have used 
several empirical coefficients to determine the values for A, n and C by using empirical 
equations and their assumptions may result in an uncertainty on the determined values of A, n 
and C. Watson [109] proposed a constant value for C as 2100 for diesel fuel. Assanis [100] 
and Alkhulaifi [101] have also considered the value for C to be 2100 in their analysis based 
on the work of Watson. Hardenberg [96] calculated the value of C by using the equation 
(7.6). 
)25(
618840


CNR
C          (7.6) 
Aghav [137] modified equation (7.6) and calculated the value of C using equation (7.7). 
)25(
1310000


CNR
C          (7.7) 
Several works [100,101,121] have obtained the values of A and n by fitting the theoretical 
data obtained from the correlation against the experimentally measured ignition delay data by 
fixing the value of C. In the next sections the values for A, n and C are calculated analytically 
and also by fitting the measured and correlated ignition delay to minimise the least square 
error to get the best fit. The results obtained both from the analytical and fitting approaches 
are compared.  
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7.3.1. Analytical approach (Determination of A and n ) 
The minimum value of the in-cylinder pressure of all the engine operating conditions E1-E13 
provided in table (7.1) was found to be for the condition E7 and consequently this condition 
was considered as the reference condition. 
Table (7.1): Experimental conditions for the tests. 
E 
In
j. Tim
m
in
g(B
TD
C
) 
In
j.P
(b
ar) 
B
M
EP
, b
ar 
1 9 1200 2.7 
2 3 1000 2.7 
3 3 1200 2.7 
4 0 800 2.7 
5 0 1000 2.7 
6 0 1200 2.7 
7 -2 800 2.7 
8 -2 1000 2.7 
9 9 800 5 
10 6 1200 5 
11 3 1200 5 
12 0 800 5 
13 -2 800 5 
 
 The in-cylinder pressure, temperature and ignition delay at this reference condition is 
denoted as and τo respectively. The ignition delay corresponding to the reference 
condition is given as: 
o
n
oo
T
C
Ap exp

          (7.8) 
Dividing equation (2.44) by equation (7.8) and further simplification results in equation (7.9) 
oo Tp ,
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        (7.9) 
The dimensionless terms on the left and right hand side of equation (7.9) are replaced by the 
notation  and respectively, thus the equation (7.9) can be expressed in terms of  and  
as: 
n )(           (7.10) 
The benefits of using dimensionless parameters in combustion analysis were discussed 
widely in authors’ recent publications [86,138]. Equation (7.10) expresses the relation 
between n and the engine in-cylinder parameters, which can be determined directly from the 
experimental data for a given value of C. The only unknown parameter is n, which can be 
calculated by using equation (7.11) as follows. 
          (7.11)  
The final value for n was obtained by averaging all the calculated n values for each engine 
operating conditions E1-E13. Condition E7 was the reference condition, consequently no 
value was calculated for n at condition E7. By substituting the final averaged value of n in 
equation (2.44), the values of A were calculated as proposed in equation (7.12). 
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
         (7.12) 
Similarly the final value for A was obtained by averaging all the calculated A values for 
engine operating conditions E1-E13. Thus both A and n values were obtained through this 
analytical approach.  
   


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ln
n
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7.3.2.Line fitting approach (Determination of n) 
The value of n can also be determined from equation (7.11) through the line fitting procedure 
and this is achieved by substituting  and  results in an equation for a 
straight line  with a slope of n and zero Y intercept. By applying the straight line 
fitting formula n can be calculated as follows. 
        (7.13) 
Where N is the number of measured data sets. Values for Y and X are replaced in equation 
(7.13) to obtain the value of n. 
     (7.14) 
It is clear that the higher value for N can result in more accurate value for n. Equations (7.14) 
and (7.12) can be used to calculate A and n values analytically by using combustion 
parameters. From the previous discussion of linear expression Y=nX , Y intercept for this 
straight line after replacing the X and Y values as they were defined above results in equation 
(7.15).  
   (7.15) 
It is expected that the value of b calculated from equation (7.15) equals to zero. The value of 
b calculated from equation (7.15) by using the experimental data for operating conditions E1-
E13 was found -3.8E-4 which is reasonably closer to zero value.  
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Figure 7.2 presents the calculated values for A and n for each engine operating conditions (E1 
– E13),  In this figure the analytical and line fitting refer to calculation procedure explained in 
section 7.3.1 and 7.3.2 for A and n respectively.  
 
Figure (7.2): The calculated values for A and n at conditions E1-E13 by using Analytical and 
line fitting methods.  
 
7.3.3. Determination of constant C  
The value of C can be determined analytically by using the experimentally determined 
combustion parameters. By considering τ1 and τ2 as the measured ignition delay periods for 
two engine operating conditions. Applying these two conditions to equation (2.44), and 
taking the ratio and natural logarithm on both sides will result in an analytical expression for 
the constant C given by equation (7.16). 
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(7.16) 
Equation (7.16) was further simplified by choosing the conditions from the experimental data 
set that had the cylinder pressures which were nearly equal (p1≈p2) to eliminate n from 
equation (7.16).  All the terms on the right hand side of equation (7.17) are known to evaluate 
the constant C. 
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(7.17) 
The constant C calculated from equation (7.17) based on the experimentally measured data 
corresponding to the operating conditions E1 to E13 resulted in an averaged value of C = 
2208. According to Watson [109] and Assanis [100] the value of C is 2100, and according to 
Hardenberg [96] and Aghav [137] the values of C are 979 and 2073 respectively. According 
to Rothamer [139] the value of C was found to be 2287 which was determined by fitting a 
non-linear least square function. The value of C that was analytically calculated by equation 
(7.17), (C=2208) is very close to that of [100,109]. Consequently five different values for the 
constant C were obtained by using different techniques (C=2100, 979, 2073, 2287 and 2208).  
Combining the values of C with the analytical derived expressions, the values of n can be 
obtained using equation (7.11) and equation (7.14) respectively; similarly the value for the 
constant A can be obtained from equation (7.12). In addition to this the values of A and n 
were also determined by fitting a non-linear least square function between the experimental 
data and the ignition delay correlation of equation (2.44). All of these values are also 
summarised in table [7.3]. 
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Table (7.2): Values determined for A and n for different values of C obtained from Watson & 
Assanis, Hardenberg , Aghav, Rothamer (fitting) , analytical calculation and Line fitting in 
present work. 
  C 
Fitting least 
square function 
Analytical, 
equations(7.11,7.12) 
Line fitting, 
equations(7.12,7.14) 
Watson & Assanis 2100 A=4.2,n=1.56 A=12.51,n=1.87 A=4.29,n=1.57 
Hardenberg 979 A=4.2,n=1.31 A=804.77,n=2.59 A=131.72,n=2.08 
Aghav 2073 A=4.07,n=1.54 A=13.83,n=1.88 A=4.66,n=1.58 
Rothamer (fitting)  2287 A=3.71,n=1.6 A=6.25,n=1.75 A=2.42,n=1.52 
Calculation (present work) 2208 A=4.15,n=1.6 A=8.38,n=1.80 A=3.08,n=1.52 
 
7.4.New Correlation (Determination of ignition delay) 
As discussed above the experimental data was used to obtain the constants A, n and C and 
these constants are used in equation (2.44) to predict ignition delay for an operating 
condition. The predicted values of the ignition delay from these correlations are affected 
significantly by the value of the constants A and n. In order to improve the accuracy of 
predicting ignition delay, a new correlation has been proposed without any calibration or 
tuning constants. The ignition delay can be calculated directly from the main combustion 
parameters by using this correlation. 
The value of Y intercept can be calculated from equation (7.15), as mentioned earlier in 
section 7.3.2, the straight line has zero Y intercept, and therefore equation (7.15) can 
be expressed as: 
    (7.18) 
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Equation (7.18) expresses the relation between the parameters  and which are defined by 
using the main combustion parameters (p, T and C). Equation (7.18) has been re-written to 
express the Δ term in the nth form as: 
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 (7.19) 
Equation (7.19) has been restructured to determine the n
th
 term of Δ, using the nth term of Δ 
along with the definition of Δ result in a new correlation. Details of this derivation are 
provided in Appendix 2. 
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 (7.20) 
The equation (7.20) is the new correlation that is developed to calculate ignition delay 
directly by using combustion parameters (p,T and C). The new correlation considers the 
effect of all the main combustion parameters to calculate the ignition delay value directly. 
Ignition delay values were calculated using the new correlation for the engine operating 
conditions E1-E13 are plotted in figure 7.3 along with the experimental data.  
 
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Figure (7.3): Variation of ignition delay for operating conditions E1-E13 by using three 
analytical techniques along with experimental data. 
In addition to this the ignition delay values calculated using equation (2.44) based on the 
values of A and n that are obtained through analytical and line fitting approach (section 7.3.1 
and 7.3.2) are also presented. The data indicates that the new correlation can improve the 
calculation of ignition delay considerably.  
 
7.5.Results 
7.5.1.Induced error on ignition delay with respect to A, n and C 
Figure 7.1 presents the variation of τ with respect to the constants A and n for a given value of 
C=2100. The data shows that the effect of n on τ is greater when compared against A. The 
corresponding in-cylinder pressure and temperature value is 37.63 bar and 715.07 K 
respectively.  
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By using the calculated values of A, n and C from the present work, and the values of in-
cylinder temperature and pressure mentioned above, it has been found that 1% error in the 
value of A, n and C causes an uncertainty to τ in the order of 10-3, 3.61Χ10-3 and 3.88Χ10-4 
msec due to the variation of A, n and C respectively. Comparing absolute values for these 
error values indicates good agreement between these findings and equations (7.3) and (7.5). 
The calculated values for A and n using three different approaches (fitting, analytical and line 
fitting) are summarized in table (7.2). 
 
7.5.2. Analytical approach 
Equations (7.11, 7.12) were used to calculate A and n values as discussed in section 7.3.1. It 
was found that by using analytical approach, the calculated values for n were in the range 
1.75-1.88 for all the five values of C (2100, 979, 2073, 2287 and 2208). Figure 7.4 presents 
the values of ignition delay calculated by using analytical approach for the operating 
conditions E1-E13. In this figure five set of ignition delays were produced by using the 
values of C discussed earlier, and they were plotted along with experimental data. 
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Figure (7.4): Variation of ignition delay by considering different values for constant C for 
E1-E13. A and n were calculated by analytical approach. 
 
7.5.3.Line fitting approach 
Equations (7.12) and (7.14) were used to calculate A and n values in this section. As 
discussed in  section 7.3.2. Figure 7.5 presents the values of ignition delay calculated by 
using line fitting approach for operating conditions E1-E13 along with experimental data. 
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Figure (7.5): Variation of ignition delay by considering different values for constant C for 
operating conditions E1-E13. A and n were calculated by line fitting approach. 
 
7.5.4.Fitting least square function 
In addition to values of A and n discussed in section 7.5.2 and 7.5.3, the values of A and n 
were calculated through the fitting a least square function. Figure 7.6 presents the values of 
ignition delay calculated by using fitting least square function technique for operating 
conditions E1-E13 along with experimental data.  
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Figure (7.6): Variation of ignition delay by considering different values for constant C for 
E1-E13.  A and n were calculated by fitting a non-linear least square function. 
 
7.6.Discussion 
7.6.1. Analytical, Line fitting and Fitting a least square methods 
According to figures 7.4-7.6 even though the C values varies over a wide range from 979 to 
2287, the calculated values and experimental data are relatively closer to each other. The 
constants A and n compensated for the effect of inaccurate value for C.  
According to table (7.2) and comparing n values using three techniques as discussed in 
sections 7.52, 7.5.3 and 7.5.4  show that the values of A and n corresponding to C=979 from 
Hardenberg [96] is considerably different and it is attributed to the large difference between 
C value from Hardenberg (C=979) and other techniques which were discussed in this chapter 
(C=2073,2287 and 2208).  
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The benefits of using analytical techniques are more dominant when a new fuel is 
investigated. Due to high number of investigations performed on diesel fuel research, the 
range of variation for A , n and C are relatively well known in the literature but this fact does 
not apply on any other fuel such as bio-diesels, therefore the proposed analytical method can 
provide a precise value for A , n and C. 
 
7.6.2.New correlation  
Equation (7.20) in section 7.4 is providing a new correlation to calculate ignition delay. The 
value of C in the new correlation is dependent upon fuel properties and engine operating 
conditions which can be calculated by the technique discussed in section 7.3.3 equation 
(7.17). As discussed in this work the values of constants A and n in equation (2.44) can affect 
the predicted values for ignition delay, consequently the new correlation cannot be affected 
by values of constants A and n since the new correlation is not expressed in terms of 
constants.  
The new correlation is taking the effect of all experimental data into account to calculate the 
ignition delay at a given operating condition. Also the new correlation was calculated by 
using the dimensionless parameters defined in this work (Δ,Π) which are relative combustion 
properties, consequently they can cancel out some errors in data which results in better 
accuracy of ignition delay prediction. Figure 7.3 presents the values of ignition delay 
calculated by using new correlation. In this figure three sets of ignition delay, produced by 
using new correlation and two calculating techniques (analytical and Line fitting approaches) 
were plotted along with experimental data for operating conditions E1-E13. 
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7.6.3.Error propagation function 
Error propagation function was used to compare the calculated ignition delay values for 
operating conditions E1-E13. Error propagation value ( ) were calculated for each set of τ 
values by using equation (7.21) and using A ,n and C values from table (7.2).  



13
1
2)(
i
exi           (7.21) 
Where τex refers to experimental data. The absolute ignition delay error propagation values 
calculated by new correlation along with fifteen sets of calculated ignition delay using table 
(7.2) were plotted in figure 7.7 .  
 
Figure (7.7): Error propagation values (ω) determined for A and n for different values of C 
obtained from [96, 100&109, 137, 139] along with analytical calculation in present work 
(analytical) and new correlation. 
According to this figure the value of ω varies for fitting least square function, analytical and 
line fitting approaches due to different values of C. Calculated values of ω in figure 7.7 
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indicates that the predicted ignition delay values by using analytical , line fitting approaches 
and fitting least square function are relatively close to experimental data.  Of 
Watson&Assanis, Hardenberg, Aghav, Rothamer and calculation by equation (7.17) 
corresponding to C=2100, 979, 2073, 2287 and 2208 respectively, it was found that C values 
corresponding to Aghav and calculation by equation (7.17) produce better results.  
As it was stated, the new correlation can be used to calculate ignition delay directly without 
any of calculated A and n values. According to figure 7.7 the new correlation provides better 
results in terms of lower ω value.  
The new correlation can be used for any fuel, provided the value of C for a fuel is accurately 
estimated. There is no need to determinate A and n as the new correlation is expressed by 
combustion properties. 
  
7.7.Conclusion 
The Arrhenius type expression for predicting the ignition delay (τ) which is known as a most 
widely used correlation was considered in this work. 
T
C
Ap n exp
 
Where p is the in-cylinder pressure at start of combustion, T is in-cylinder temperature at start 
of combustion, t is the ignition delay period and A and n are constants and
R
E
C A . R is the 
universal gas constant and EA is the apparent activation energy for the fuel auto ignition 
process. 
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1. It was found that the constant values can affect the accuracy of ignition delay 
correlation significantly. The induced error on τ with respect to A, n and C were 
calculated and compared. It was found that the value of τ is more affected by the 
uncertainty of A, n and C in the order to n>A>C. 
2. Analytical techniques were introduced to calculate the value of A, n and C without 
using fitting least square function. The new proposed techniques for calculating A, n 
and C have been compared against those values which were reported in literature and 
concluded that the proposed techniques can improve the accuracy of the correlation. The 
proposed techniques could be ideal methods to study new fuels which are not fully 
analysed and the fuel properties are not known completely.   
3. A new correlation was introduced to calculate τ in this work. 
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4. It was found that the results from the new correlation matched well with experimental 
data. 
5. The new correlation is not expressed in terms of constants. The relative combustion 
properties were used to determine τ. Consequently some errors can be cancelled out 
as a result of using dimensionless values. 
6. It was found that the calculated values for τ by the new correlation were accurate 
compared to those calculated by the considered Arrhenius type expression in this 
work. 
7. There was no parameter characterized for diesel fuel specifically in the new 
correlation, consequently this correlation can be used to calculate τ for bio-diesels too.  
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Chapter 8 
Conclusion and recommendation for future work 
 
 
Diesel engines are in wide use in many fields of industry and commerce. The data indicates 
that the number of diesel engines is increasing due to their high performance as it was 
discussed in section 1.2. Diesel engines can power huge trucks and marines as well as little 
lawnmowers for gardening. Parallel to growth of number of diesel engines in human daily 
life a real concern grows due to harmful effect of diesel engines. 
In order to reduce the harmful effect of these type of engines continues investigation is in 
progress since Rudolf  Diesel developed diesel engine in 1892. In result of this investigation 
significant improvement were made on diesel engines in terms of material, design, fuel as 
well as engine research techniques as discussed in section 2.3. 
Improving diesel engine analysis as a key factor in understanding of diesel engine 
combustion can result in engines with higher performances.  
In order to improve diesel engine analysis several correlations which widely are in use by 
researchers were discussed and calculation was carried out to minimize the induced error. 
Also a new technique was proposed to calculate heat capacities ratio which results in more 
accurate heat release analysis. 
Wiebe equation was studied in chapter 5 and the achievements are discussed in section 8.1.  
Similarly the achievement from heat release analysis which was discussed in chapter 6 are 
discussed in section 8.2. The achievement from chapter 7 in regard to ignition delay 
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calculation is discussed in section 8.3. Finally the recommendation for future work is 
discussed in section 8.4. 
 
8.1. Wiebe equation 
Wiebe equation (equation (5.1)) was discussed as a strong tool in heat release analysis in 
chapter 5. It was found that the accuracy of Wiebe equation can be affected significantly by 
inaccurate calculation of constants in the Wiebe equation (A and n). The error induced on 
combustion burn fraction (f) with respect to constants (A and n) were calculated and found 
that f can be affected more by n in compare to A. New techniques were proposed to calculate 
accurate value for A and n. 
In order to improve the accuracy of Wiebe equation, a modified version of Wiebe equation 
was proposed. The modified Wiebe equation contains only one constant instead of two 
constants in Wiebe equation, in original form (equation (5.1)). It was found that using 
modified Wiebe equation can improve the accuracy of heat release analysis considerably.  
 
8.2. Heat capacities ratio 
Heat release calculation is used by many researchers as an important tool for analysis of 
diesel engine combustion (section 3.1). As a standard technique the in-cylinder pressure data 
along with equation (3.8) are used to calculate valuable parameters as in-cylinder 
temperature, apparent heat release, cumulative heat release, location of centre of combustion, 
combustion duration and some other parameters, dependent on the nature of study. 
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The error induced on apparent heat release rate (AHRR) with respect to in-cylinder pressure 
(p) and Heat capacities ratio (ϒ) was calculated and compared in chapter 6. It was found that 
the ϒ can affect AHRR significantly in comparison to p, consequently it is important to 
calculate the value of ϒ accurately.  
Using p-V diagram in logarithm scale was discussed in chapter 6 and following to this 
discussion a new technique was proposed to calculate ϒ value. It was found that the newly 
defined technique can provide accurate values and can improve the accuracy of heat release 
analysis. 
Using the concept of Wiebe equation a new dimensionless parameter, called Combustion 
Burn Factor which was denoted by Ci was introduced in this chapter. It was shown that the 
Wiebe equation is the function of Ci only. The benefits of using Ci was discussed extensively 
in this work and concluded that plotting AHRR against the Ci can improve the heat release 
analysis. 
 
8.3. Ignition delay 
Ignition delay is an important parameter which can provide valuable information about 
performance of the diesel engine combustion in chapter 7.  Many investigations were carried 
out by researchers to study the relation between ignition delay and diesel engine combustion 
main parameters as fuel spray pattern, fuel specifications, diesel engine design and many 
more.  
Wolfer equation (equation (2.44)) as an important tool to predict the ignition delay in diesel 
engine combustion was discussed in chapter 7. It was found that Wolfer equation can be 
affected by the constants and the error induced on ignition delay (τ) with respect to A,n and C 
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were calculated and compared. It was found that τ is affected significantly by n in 
comparison to A and C. New techniques were proposed to calculate accurate values for 
constants in Wolfer equation. It was found that the accuracy of Wolfer equation was 
improved by using the new techniques to obtain the constants. 
In order to improve the accuracy of ignition delay calculation and also remove the effect of 
using inaccurate constants, a new correlation was proposed to calculate ignition delay. In the 
new correlation τ is expressed in terms of combustion parameters only, and no constant exists 
in the new correlation. It was found that the new correlation provides accurate values in 
comparison to those which were calculated by the Arrhenius type expression. 
Since no parameter was characterised for diesel fuel in the new correlation, consequently the 
new correlation can be used to calculate ignition delay for bio-diesels too.   
 
8.4. Recommendation for future work 
Dimensionless parameters were used to improve the heat release analysis in this work. 
Modified Wiebe equation, a new ignition delay correlation and a new technique to calculate 
Heat capacities ratio were proposed in this work. A diesel engine was employed to 
demonstrate the results from proposed correlations as well as the calculation of Heat 
capacities ratio. The engine was kept at constant speed and naturally aspirated with no EGR 
applied to the system. It is beneficial to demonstrate the proposed correlations by applying 
engine operating conditions varying EGR, engine speed, load and super charge at intake 
manifold. 
A new dimensionless parameter called Combustion Burn Factor denoted as Ci was introduced 
in this work and the benefits of expressing the apparent heat release in terms of Ci was 
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discussed. Further investigation is required to study the effect of EGR, engine load, super 
charged conditions and emission performance of combustion on variation of Ci. 
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Appendix 1 
Fuel technical specifications 
Property Diesel RME JME Unit 
Ash content <0.005 - 0.02 % 
Calorific value 44800 45959.1 39340 kJ/kg 
Carbon residue 0.2 - - % 
Cetane Number 52.1 49.8 51 - 
Cloud point -10 -17 - oC 
Density@15 oC 853.8 837.4 860-900 kg/m³ 
Flash point 68 - 101 oC 
Hydrogen 13.4 13.5 - % 
Oxygen 0 <0.04 - % 
Sulphur content 10 7.5 10 mg/kg 
Total aromatics 10.5 24 - % 
Carbon 86.2 86.5 - % 
Viscosity@40 oC 2.5 2.891 3.5-5 cSt 
Water content 61 - 500 mg/kg 
 
Appendix 2 
By definition Cum.Hrr is the integration of AHRR function during combustion period: 

b
a
dAhrrHrrCum ..  
Differentiating the definition of Cum.Hrr with respect to : 
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Appendix 3 
 
Equation (7.19) in the text has been re-written to express the Δ term in the nth form as 
equation (3.1). 
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Equation (3.2) has been restructured to determine the n
th
 term of Δ by using equation (3.1) 
which is expressed as: 
)
)ln)].(ln([])ln([
)ln].()ln([)]).(lnln()].[ln([
exp(
1
2
1
1
1
2
1 1
1
1

 


 





n
i
ni
n
i
i
n
i
ii
n
i
n
i
n
i
iii
n   (3.2) 
In equation (3.2) the right hand side parameters are all known in terms of the engine 
parameters ( i to )n and i( to 1n ) consequently the value of n can be calculated. 
Equation (3.3) has been determined from the main definition of Δ. 
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Replacing n  from equation (3.2) in equation (3.3) results in the determination of the new 
correlation for ignition delay as: 
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The equation (3.4) is a new correlation to calculate ignition delay directly by using 
combustion parameters (p,T and C).  
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